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Hurricanes  and  tropical  storms  are  an  important  part 
of  the  hydrologic  cycle  in  South  Florida.   Although  these 
storms  may  cause  damage  to  coastal  properties  and  endanger 
lives,  they  also  bring  rainfall  to  recharge  water  supplies. 
If  hurricanes  fail  to  influence  the  rainfall  of  this  region, 
either  because  of  human  intervention  by  weather  modification 
or  because  of  possible  natural  climatic  change,  the  water 
budget  is  affected. 

The  study  of  tropical  cyclone  rainfall  for  a  sixty-year 
period  from  1919  through  1978  reveals  that  the  amount  of 
rain  from  hurricanes  has  declined  significantly  in  the  last 
several  decades.   This  decline  is  discussed  in  relation  to 
its  effects  on  water  supply  and  management  in  the  South 
Florida  Water  Management  District.   Although  declining 
supplies  and  increasing  consumption  portend  severe  chronic 
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water  shortages  in  the  region,  the  knowledge  that  hurricanes 
do  not  bring  as  much  rain  as  water  management  officials  had 
thought  should  allow  more  effective  use  of  surface  storage 
reservo  i  rs . 


CHAPTER  1 
INTRODUCTION  AND  DEFINITION  OF  PROBLEM 


"Water  supply,  with  everything  these  words  Imply 
in  relation  to  land  use,  population  growth, 
agricultural  expansion,  and  maintenance  of 
environmental  quality,  is  a  major  issue  in  South 
Florida."   William  B.  Storch,  Chief  Engineer, 
Central  and  Southern  Florida  Flood  Control 
District  (1973,  p.  1) . 


Water  is  a  vital  natural  resource.   It  is  necessary  for 
human  existence  and  is  used  in  large  quantities  in  our 
society.   In  Florida,  water  is  usually  obtained  by  pumping 
it  from  a  river  or  lake  or  from  a  well  which  penetrates  an 
aquifer.   Both  surface  and  ground  sources  are  replenished  by 
rainfall  which  may  occur  at  places  quite  distant  from  the 
eventual  pumping  site.   Rainwater  which  falls  in  the 
interior  of  the  state  usually  flows  toward  the  coast. 
Surface  flow  in  rivers  to  the  Gulf  of  Mexico  and  Atlantic 
Ocean  is  easily  observable.   Within  the  ground,  however,  the 
water  also  flows  toward  the  coast.   This  underground  flow 
from  the  interior  of  the  peninsula  to  the  coastal  zone 
provides  a  source  of  fresh  water  for  coastal  area  wells  and 
protects  aquifers  from  the  osmotic  encroachment  of  salt. 

As  populations  grow,  their  need  for  water  increases. 
The  population  of  Florida  tends  to  be  concentrated  along  the 
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coast  where  fresh  water  supplies  are  least  plentiful.   Salt 
water  intrusion  into  depleted  aquifers  is  a  problem  for  many 
communities  and  urban  wellfields  must  frequently  be  moved 
further  inland  to  find  new  sources  of  fresh  water. 

The  same  communities  which  suffer  osmotic  salt 
intrusion  also  face  the  possibility  of  severe  damage  to 
property  and  loss  of  life  from  tropical  cyclones  between 
June  and  November.   The  effects  of  these  violent  seasonal 
storms,  however,  are  not  entirely  maleficent.   They  bring 
rain  to  replenish  the  water  supply  even  though  they  may 
destroy  shops  and  homes. 

T  rop  i  ca  1  Cy 1  ones 


A  cyclone  is  an  atmospheric  circulatory  system  in 
which  the  winds  rotate  into  a  low  pressure  vortex.   In  the 
Northern  Hemisphere,  this  circulation  is  counterclockwise, 
while  in  the  Southern  Hemisphere  it  is  clockwise.   The  term 
"tropical  cyclone"  refers  to  such  a  circulation  which 
develops  over  tropical  waters.   Tropical  cyclones  are  storms 
in  which  the  energy  to  drive  the  circulation  is  derived  from 
the  latent  heat  of  condensation  of  water  vapor.   They  are 
distinguished  from  ext ra t rop i ca 1  cyclones  which  are  driven 
primarily  by  the  contrasts  of  temperature  and  moisture 
typically  associated  with  cold  and  warm  fronts  (Neumann 
et  al,,  1978). 


Cry  (1967)  has  stated  that  no  other  type  of  atmospheric 

circulation  has  a  greater  variety  of  form,  structure,  and 

movement  than  tropical  cyclones,  and  that  they  undergo 

radical  changes  of  structure  and  associated  weather  from 

the  time  they  form  over  warm  tropical  waters  to  when  they 

dissipate  or  become  modified  over  land  or  colder  water. 

Alaka  has  described  the  developmental  phases  of  tropical 

cyclones  as  follows: 

The  weakest  stage  is  the  "tropical  disturbance" 
in  which  rotary  circulation  is  slight  or  absent 
at  the  surface,  but  possibly  better  developed 
aloft.   There  are  no  closed  surface  isobars  and 
no  strong  winds.   Disturbances  of  this  type  are 
common  in  the  tropics.   Next  in  intensity  is  the 
"tropical  depression"  which  is  associated  with 
one  or  more  closed  surface  isobars  and  with 
sustained  winds  equal  to  or  less  than  Beaufort 
force  7  (32-38  miles/h).   When  the  winds  are 
Beaufort  force  3-11  (39-72  miles/h)  we  have  a 
"tropical  storm".   Finally,  the  strongest  stage, 
with  winds  of  Beaufort  force  12  (  73  miles/h), 
is  the  "hurricane."  (Alaka,  1968,  p.  1) 

Although  the  term  "tropical  cyclone"  may  be  used  to 
refer  to  storms  of  varying  intensity,  ranging  in  wind  speeds 
from  below  force  7  to  greater  than  force  12,  it  is  used  in 
the  present  study  to  indicate  only  those  storms  with  force  8 
winds  or  greater.   Such  disturbances  have  been  defined  by 
Alaka  as  tropical  storms  and  hurricanes.   This  usage  is 
consistent  with  that  found  in  meteorological  literature. 

The  structure  of  a  tropical  cyclone  has  been  desc/ibed 
by  Riehl  (1963)  as  that  of  a  simple  heat  engine.   First, 
convergence  of  surface  air  toward  the  center  of  the  storm  is 
initiated  by  relatively  low  atmospheric  pressure  in  that 


region.   Secondly,  when  air  arriving  at  the  storm  center 
begins  to  rise,  it  cools  owing  to  reduced  pressure  at  higher 
altitudes.   When  rising  air  is  cooled  below  its  dewpoint, 
clouds  form  and  latent  heat  of  condensation  is  released  from 
the  water  molecule  into  the  atmosphere.   Release  of  latent 
heat  at  certain  places  within  the  storm  enlarges  the 
temperature  and  pressure  differentials  found  between  its 
different  parts  and  levels,  and  thus  provides  impetus  for 
more  convergence  of  surface  air  toward  the  storm  center. 

The  difference  between  the  low  central  pressure  in  a 
tropical  cyclone  and  the  relatively  higher  atmospheric 
pressure  surrounding  the  storm,  provides  great  enough 
temperature  gradients  to  raise  the  cyclone  to  tropical  storm 
intensity,  but  is  not  sufficient  to  make  the  storm  develop 
into  a  hurricane.   According  to  Malkus  (1957) »  the  formation 
of  the  so-called  "eye"  is  Instrumental  in  achieving 
hur r i cane- f o rce  winds.   When  warm  air  in  the  center  of  the 
storm  begins  to  descend  instead  of  rising,  the  increase  in 
atmospheric  pressure  at  lower  altitudes  causes  the  air  to 
become  significantly  warmer  than  it  would  be  if  released 
latent  heat  of  condensation  were  the  only  mechanism.   This 
descending  air  in  the  center  of  the  storm  thus  explains  both 
the  relatively  calm  weather  associated  with  the  eye  of  a 
hurricane  and  the  very  violent  conditions  which  prevail 
immediately  adjacent  to  it. 

Tropical  cyclones  form  over  large  bodies  of  warm  water 
and  are  common  to  all  tropical  oceans  except  the  South 


Atlantic  (Niddrie,  196^).   During  their  early  stages  in 
tropical  latitudes,  they  tend  to  travel  from  east  to  west 
with  the  easterly  winds.   Later,  they  may  recurve  poleward 
and  thence  toward  the  east  under  the  influence  of 
mid-oceanic  high  pressure  cells  and  prevailing  westerly 
winds  of  the  middle  latitudes  (Dunn,  196  7) . 

Destructive  Effects  of  Tropical  Cyclones 


The  damage  which  tropical  cyclones  can  cause  is  widely 
recognized  and  often  the  subject  of  scientific  inquiry. 
The  seriousness  of  the  threat  of  hurricanes  to  life  and 
property  is  such  that  the  National  Oceanic  and  Atmospheric 
Administration  (NOAA)  maintains  a  center  in  Miami,  Florida, 
devoted  exclusively  to  hurricane  research. 

The  danger  of  tropical  cyclones  is  as  well  known  to 
the  general  public  as  to  the  scientific  community.   Editors 
for  newspapers,  television,  and  radio,  always  seeking 
sensational  stories,  are    eager  to  proclaim  "devastation"  and 
"disaster"  when  a  hurricane  makes  landfall.   The  reading 
public  has  been  further  educated  by  the  best-selling  novel, 
Condomi  n  ?  urn  (McDonald,  1977),  which  vividly  and  accurately 
portrays  the  type  of  disaster  that  could  result  from  a 
severe  hurricane  making  landfall  along  the  southwest  coast 
of  Florida. 


Modification  of  Hurricanes 


The  popular  notion  that  the  role  of  hurricanes  is  only 
destructive  has  prompted  scientists  to  consider  numerous 
schemes  to  weaken  or  divert  them  as  means  of  preventing  or 
reducing  damage.   To  date  these  schemes  have  consisted 
primarily  of  physical  experiments  based  on  the  ability  of 
certain  powdered  particles  to  nucleate  moisture  and  release 
latent  heat  into  the  storm  system. 

Cloud  seeding  with  silver  iodide  has  been  attempted  on 
several  occasions  (Braham  &  Neil,  1958;  Simpson,  Ahrens,  6 
Decker,  1963;  "Sci ence--Me teorol ogy , "  1963;  Simpson,  J., 
1967;  Simpson,  R.H.,  1969;  "Project  Stormfury  .  .  .  ,"  1971; 
NOAA,  1971a).   Carbon  dust,  dropped  from  an  airplane,  has 
been  used  to  interrupt  solar  radiation  above  a  hurricane 
(Gray,  1973).   Proposals  have  also  been  made  to  apply  films 
of  various  types  to  the  ocean  surface  in  order  to  reduce 
evaporation  and  interrupt  the  hurricane's  supply  of  moisture 
and  heat  (Kazmann,  1972;  Wilson,  1973).   Obvious  problems 
of  maintaining  the  integrity  of  a  film  on  a  stormy  ocean 
surface  and  pollution  remaining  after  the  storm  have, 
however,  prevented  actual  experiments  with  water  surface 
films  in  hurricanes. 

Weakening  and  diverting  tropical  cyclones  is,  of 
course,  well  intended,  but,  as  in  any  instance  of  attempted 
environmental  modification,  may  not  always  lead  to  an 
entirely  favorable  outcome.   The  solution  to  one  problem 


often  leads  to  others.   If,  for  example,  a  nuclear  device 
were  to  be  used  to  stir  local  areas  of  the  ocean,  bringing 
cool  water  to  the  surface  and  thereby  removing  the 
hurricane's  main  energy  source,  obvious  auxiliary  damage 
would  be  caused  by  the  explosion.   The  marine  environment 
would  be  severely  affected  and  land  areas  would  be  subject 
to  radioactive  rain,  making  that  procedure  clearly  an 
unattractive  solution  to  the  hurricane  problem. 

Another  proposal  for  utilizing  nuclear  devices  to 
control  hurricanes  is  the  detonating  of  a  bomb  within  the 
storm  in  order  to  disrupt  its  circulatory  organization. 
Unfortunately,  this  procedure  would  require  a  device  of  such 
immense  power  that  the  bomb  would  do  far  more  damage  than 
the  hurricane  would  have  done  if  left  alone.   According  to 
one  authority,  it  has  been  shown  that,  "A  mature  hurricane 
of  moderate  strength  and  size  releases  as  much  condensation 
heat  energy  through  its  cloud  systems  in  a  day  as  the 
nuclear  fusion  energy  of  about  bQQ    20-megaton  hydrogen 
bombs"   (Simpson  &  Simpson,  1966,  p.  10^5). 

Problems  of  Successful  Tropical  Cyclone  Modification 


The  possibility  of  modification  causing  increased 
damage  is  obvious  and  usually  addressed  at  least  implicitly 
in  any  literature  which  discusses  means  for  suppressing 
hurricanes.   It  is  usually  assumed  that  continued  research 
will  eventually  result  in  a  dependably  safe  means  of 


suppressing  the  great  storms.   That  assumption  may  be 
correct  insofar  as  direct  damage  from  the  storm  is 
concerned,  but  it  does  not  take  into  account  the  fact  that 
adverse  consequences  may  result  even  from  completely 
successful  attempts  to  suppress  tropical  cyclones. 

If  hurricanes  were  artificially  dissipated  at  sea  or 
diverted  away  from  land  areas,  precipitation  falling  in  the 
areas  which  would  have  been  in  the  storms'  paths  would 
presumably  be  reduced.   This  loss  of  rainfall  could  be 
significant  for  inhabitants  of  a  hurr i cane- prone  region. 
Hurricanes  and  tropical  storms  are  part  of  the  hydrologic 
cycle  in  certain  tropical  and  subtropical  areas  such  as  the 
Caribbean  Basin  and  Florida.   Water  supplies  in  those 
regions  may  be  significantly  affected  by  the  occurrence  or 
non-occurrence  of  hurricanes. 

The  spectacle  of  the  hurricane's  immediate  fury  and  the 
damage  resulting  from  flooding  and  high  winds  overshadow  the 
fact  that  life-giving  rain  also  comes  with  the  storm.   The 
hurricane's  rain  may  remain  in  the  ground,  recharging 
aquifers,  for  years  after  the  storm's  damage  has  been 
repaired.   Although  hurricane  damage  may  be  intense  in  some 
localities,  beneficial  rainfall  is  widespread.   The  dangers 
that  coastal  areas  face  in  the  event  of  a  major  hurricane 
are  obvious.   The  problems  caused  by  preventing  hurricanes 
and  thereby  losing  their  rainfall  are  much  less  obvious,  but 
may  in  fact  be  more  severe. 


Hurricane  modification  may  never  become  feasible  but  it 
is  still  necessary  to  consider  what  might  happen  if 
hurricanes  fail  to  arrive,  for  the  simple  reason  that  they 
are  already  striking  Florida  much  less  often  than  they  did 
in  the  past.   This  may  be  a  cycle  that  will  reverse  itself 
in  the  1980's  or  it  may  be  part  of  a  longer  term  trend,  but 
what  is  clear  is  that  relatively  few  hurricanes  have  hit 
the  Peninsula  of  Florida  during  the  last  thirty  years. 
Regardless  of  what  causes  a  decrease  in  hurricanes,  it  still 
affects  the  water  budget,  so  it  is  imperative  to  understand 
the  importance  of  hurricanes  as  a  source  of  terrestrial 
water. 

Importance  of  Tropical  Cyclone  Rainfall 


Economic  development  and  population  increase  in  Florida 
are  mainly  concentrated  along  the  east  and  west  coasts  of 
the  peninsula.   Every  major  city  in  South  Florida  is  located 
in  the  coastal  zone.   Coastal  populations  depend  upon  rain 
falling  many  miles  inland  for  their  water.   The  demands  thus 
placed  on  coastal  aquifers  in  Florida  already  exceed  locally 
sustainable  supplies.   If  Florida  were  deprived  of  hurricane 
rainfall,  shortages  of  fresh  water  in  coastal  areas  could 
become  even  more  acute.   Although  damage  potential  from 
hurricanes  is  quite  considerable  in  the  coastal  zone,  it  may 
become  relatively  unimportant  if  severe  chronic  water 
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shortages  affected  local  economies  and  population-carrying 
capacities. 

Impacts  on  interior  regions,  as  well  as  the  coastal 
zone,  must  also  be  considered.   Storm  tides  penetrate  inland 
only  a  few  miles,  with  the  height  of  the  surge  dissipating 
one  to  two  feet  for  each  mile  traveled  over  a  flat  surface 
(NOAA,  1976).   Hurricane-force  winds  likewise  persist  only  a 
few  miles  inland.   For  example,  the  maximum  sustained  winds 
of  "Carla,"  1961,  an  unusually  intense  hurricane,  decreased 
from  175  mph  at  landfall  on  the  Texas  coast  to  less  than  75 
mph  by  the  time  the  storm  center  had  traveled  15  miles 
inland  (Friedman,  1975).   Lesser  storms  will  carry  hurricane 
force  winds  lesser  distances  inland.   The  eye  of  Hurricane 
"David,"  1979,  traveled  along  the  entire  eastern  coast  of 
Florida  and  then  impinged  on  parts  of  Georgia  and  South 
Carolina,  but  very  few  places,  even  along  the  barrier 
islands  of  those  three  states,  experienced  winds  greater 
than  50  mph  (NOAA,  1979).   In  contrast,  the  rain  resulting 
from  "David's"  influence  covered  the  entire  peninsular 
portion  of  Florida  and  penetrated  hundreds  of  miles  inland 
into  several  neighboring  states.   A  former  director  of  the 
National  Hurricane  Center  has  stated  that,  "Most  hurricanes 
that  cross  a  coastline  drop  the  major  portion  of  their  rain 
at  inland  stations  after  winds  diminish  below  hurricane 
force"  (Simpson  &  Simpson,  1 3 66 ,  p.  10^7). 

Although  tropical  cyclones  are  both  large  and  violent, 
the  area  of  extremely  violent  weather  associated  with  such 
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a  storm  is  small  compared  to  the  area  in  which  rain  is 
stimulated  by  the  disturbance.   A  given  location  may 
frequently  experience  rainfall  and  unsettled  weather 
resulting  from  hurricanes,  but  rarely  be  exposed  to 
hur r i cane- fo rce  winds. 

Public  Concern  For  The  Environment 


During  the  last  two  decades,  concern  for  the  environ- 
ment has  become  a  popular  theme  in  the  United  States, 
prompting  the  passage  of  numerous  legislative  bills  by  the 
federal  government  as  well  as  by  many  states.    Foremost  of 
these  laws  is  the  National  Environmental  Policy  Act  of  1 9 69 
(NEPA) .   This  Act  requires  that  Environmental  Impact 
Statements  (EIS)  be  filed  for  all  major  federal  actions 
significantly  affecting  the  quality  of  the  human  environment 
(U.S.  Congress,  1970).   Although  some  criticism  may  be 
leveled  at  NEPA  for  delaying  projects  and  increasing  their 
expense,  the  law  serves  the  much  needed  purpose  of  requiring 
that  the  environment  be  taken  into  account  in  making 
decisions  which  will  affect  it.  Federal  courts  have  given 
NEPA  a  broad  interpretation  and  have  applied  its  mandate 
strictly  (Krupensky  £  Weismantel,  1979). 

The  EIS  requirement  can  be  used  as  an  effective 
instrument  for  protecting  the  public  from  adverse 
consequences  developing  from  suppressing  hurricanes.   It 
may,  however,  be  left  to  an  outside  party  to  point  out  the 
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problems  of  Joss  of  rainfall  associated  with  successful 
hurricane  suppression.   The  existing  EIS  for  the 
experimental  Project  Stormfury  ignores  this  issue.   Prepared 
by  the  Weather  Modification  Division  of  NOAA  it  states, 
"There  is  no  evidence  at  this  time  that  any  adverse  effects 
have  occurred  or  may  be  expected  to  occur  as  a  result  of 
these  experiments"  (NOAA,  1971a,  p.  3).   The  present 
research  addresses  the  matter  of  how  much  water  comes  from 
hurricane  rainfall  and  provides  some  of  the  information  that 
would  be  needed  to  produce  a  more  comprehensive  evaluation 
of  the  impact  of  hurricane  modification  or  natural  climatic 
change  that  causes  the  amount  of  rainfall  from  hurricanes  to 
dec  1 i  ne. 


CHAPTER  2 

LITERATURE  CONCERNING 
THE  BENEFICIAL  ASPECTS  OF  HURRICANES 


There  is  a  very  large  body  of  literature  concerning 

hurricanes.   Most  of  it,  however,  concerns  their  destructive 

effects  and  the  means  to  cope  with  those  effects. 

Beneficial  aspects  are  rarely  discussed  at  length. 

Tannehill  (1952),  one  of  the  few  writers  to  comment  on 

"tropical  storms  that  are  beneficial,"  devotes  only  one 

page  to  that  topic  in  a  303-page  book.   He  states: 

Not  all  tropical  cyclones  are  destructive:  in 
fact  many  of  them  are  beneficial.   Rains 
accompanying  them  revive  crops  and  replenish 
supplies  of  storage  water.   Even  in  the  most 
destructive  hurricanes,  areas  some  distance  from 
the  storm  center,  where  winds  are  not  dangerous, 
receive  beneficial  rains.   (Tannehill,  1952,  p. 
130) 

Although  Tannehill  was  one  of  the  most  knowledgable 

experts  of  his  time  on  the  topic  of  hurricanes,  he  offers 

only  two  rather  dated  references  to  support  his  statement. 

Drawing  from  Fassig  (1929)  Tannehill  comments: 

.  .  .  60  percent  of  the  storms  that  affected 
Puerto  Rico  from  1399  to  1928,  inclusive,  were 
beneficial.   Only  10  percent  were  overwhelmingly 
destructive,  while  30  percent  were  locally 
destructive  but  beneficial  in  some  parts  of  the 
island.   In  the  majority  of  Puerto  Rican 
hurricanes  during  this  period,  losses  caused 
by  the  winds  of  the  storm  were  insignificant 
compared  with  the  great  benefits  to  crops  and 
municipal  water  supplies.   (Tannehill,  1952, 
pp.  130-131) 
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Tannehill's  other  reference  is  Visher  (1922).   Vlsher 
makes  only  a  brief  comment  that  the  rains  brought  by 
hurricanes  are  "often  very  welcome."   Further  reading  of 
Tannehills's  book,  however,  reveals  another  benefit  which 
may  result  from  hurricanes.   On  several  occassions  when 
fruit  trees  have  been  stripped  of  their  leaves  by  high 
winds,  the  trees  have  reblossomed  and  produced  a  second 
c  rop  of  fruit. 

Bowden  (197*0  also  devotes  a  small  part  of  a 

book-length  monograph  to  the  beneficent  hurricane.   He  was 

apparently  surprised  when  two  long  time  residents  of  St. 

Croix  "pointed  out  that  hurricanes  brought  welcome  rain 

to  the  islands."   Bowden  states  that: 

This  conception  of  the  beneficent  hurricane 
is  surprising,  at  first  glance.   But  it  must  be 
remembered  (l)  that  the  cautious  scholar  R.B. 
Stone  wrote  in  19^2  "that  it  is  not  minimizing 
the  danger  from  these  storms  to  say  that  they 
rarely  strike  with  great  severity,"  and  (2)  that 
many  if  not  a  majority  of  the  hurricanes  that 
have  come  within  100  miles  of  the  islands  in 
the  last  100  years  have  brought  copious  rains, 
frequently  to  parched  agricultural  lands. 
.  .  .  there  is  a  strong  possibility  that  the  48 
known  hurricanes  that  have  passed  over  or  close 
to  these  dry  islands  (Virgin  Islands)  in  the 
last  100  years  may,  on  balance,  have  been  more 
beneficial  than  detrimental.   (Bowden,  197^,  p. 
72) 

Bowden  offers  no  systematically  acquired  evidence 

to  support  the  concept  of  the  beneficent  hurricane  and 

cites  only  one  literary  source  concerning  the  topic,  the 

aforementioned  book  by  Tannehill.   He  further  states  that  it 

is  a  "minority  view"  and  that  his  informants  were  "not  old 
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enough  to  have  experienced  the  last  major  hurricane  of  1928 
on  St.  Croix"  (Bowden,  197^,  p.  72). 

Sugg  (1968)  has  examined  the  rainfall  data  from 
tropical  cyclones  which  have  moved  over  drought-stricken 
areas  and  has  provided  numerical  evidence  of  the  beneficence 
of  hurricane  rainfall.   Although  he  establishes  that 
hurricane  rainfall  may  be  of  great  value  in  ameliorating 
drought,  he  fails  to  observe  that  i t  may  be  a  part  of  the 
normal  water  supply  for  an  area.   Sugg  states,  "It  is  quite 
obvious  that  rains,  to  be  most  beneficial,  must  fall  on 
drought-stricken  areas"  (Sugg,  1963,  p.  39). 

After  presenting  a  well  documented  case  in  order  to 
demonstrate  the  benefits  of  hurricane  rainfall,  Sugg  goes 
on  to  mention  briefly  several  other  supposed  benefits. 
Although  his  approach  to  the  "other  benefits"  is  less 
scientific  than  his  treatment  of  rainfall,  his  comments  draw 
attention  to  the  wide  variety  of  impacts  which  a  hurricane 
may  generate.   Sugg's  "other  benefits"  are  1)  abnormal 
migrations  of  fish  and  crustaceans,  resulting  in  larger 
catches  for  commercial  fisherman,  2)  destruction  of  slum 
areas,  3)  suppression  of  rodents  and  insects  by  damaging 
their  breeding  grounds,  and  k )     influencing  historical 
events  by  sinking  warships. 

It  is  arguable  whether  the  effects  of  hurricanes 
mentioned  by  Sugg  are  actually  beneficial.   Abnormal 
migration  of  fish  and  crustaceans  may  be  accompanied  by 
higher  than  normal  mortality  rates.   Destruction  of  slum 
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areas  deprives  poor  people  of  homes.   Destruction  of 
rodent  and  insect  breeding  areas  in  one  place  is  probably 
accompanied  by  their  replacement  elsewhere.   The  evaluation 
of  whether  historical  events  have  been  influenced  favorably 
or  unfavorably  depends  very  much  upon  the  background  of  the 
observer.   Although  Sugg  has  titled  his  article  "Beneficial 
Aspects  of  the  Tropical  Cyclone,"  he  has  demonstrated  no 
definite  benefit  other  than  the  cessation  of  drought. 

An  earlier  article  by  Sugg  (1967)  •  although  not 
directed  primarily  at  the  beneficial  aspects  of  the  tropical 
cyclone,  is  more  effective  in  demonstrating  an  unexpected 
gain  resulting  from  a  hurricane.   In  his  study  of  the 
"Economic  Aspects  of  Hurricanes,"   he  has  observed  that 
short  term  booms  have  been  recognized  as  a  result  of 
insurance  compensation  in  hurricane  disaster  areas  in 
the  United  States. 

An  example  of  a  short  term  economic  gain  resulting 
from  a  hurricane  strike  is  given  by  Parades  (1978).   While 
studying  citizen  responses  to  Hurricane  "Eloise,"  1975,  in 
Panama  City,  Florida,  Paredes  encountered  the  proprietor 
of  a  beachside  tavern,  who  told  of  throngs  of  construction 
workers  who  frequented  his  establishment  during  the  clean-up 
and  rebuilding  following  the  storm.   Paredes'  study  revealed 
that  the  tavern  operator  was  not  the  only  person  to  benefit 
from  the  storm.  Thirty  percent  of  the  respondents  to  his 
survey  expressed  the  opinion  that  Hurricane  "Eloise"  had 
beneficial  effects  on  the  local  economy. 
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Short  term  Increases  in  spending  have  also  been 
observed  immediately  before  a  hurricane  strikes.   Anderson 
(1972)  has  stated  that  hurricane  warnings  cause  people  to 
take  actions  to  prepare  for  the  storm.   Those  actions  often 
consist  of  purchasing  items  which  are  perceived  to  be  useful 
during  a  hurricane,  thus  certain  businesses  will  experience 
brisk  sales  as  a  result  of  the  hurricane  warning  even  though 
the  storm  might  not  in  fact  strike  that  locale. 

Weaver  ( 1 968)  has  written  about  a  variety  of  benefits 
which  may  be  derived  from  hurricanes.   Favorable 
developments  which  Weaver  cited  as  resulting  from  hurricanes 
include:   (l)  Sugg's  observation  of  short  term  booms 
resulting  from  insurance  compensation,   (2)  rainfall,  and 
(3)  increased  rate  of  economic  development  and  improvements 
to  resource  management.   The  third  item  referred 
specifically  to  events  which  occurred  on  the  island  of 
Grenada  after  Hurricane  "Janet,"  1955.   Weaver  showed  that 
the  storm's  damage  caused  the  Forestry  Department  and 
Fisheries  Division  to  be  created  and  the  Department  of 
Agriculture  to  be  revitalized.   Furthermore,  he  stated  that 
the  hurricane  initiated  improvements  in  transportation  and 
communication  facilities  and  a  shift  from  nutmeg  and  cacao 
to  more  lucrative  bananas  as  the  principal  export. 

The  body  of  literature  concerning  the  beneficial 
aspects  of  hurricanes  is  small,  but  even  the  few  works 
cited  here  indicate  the  diversity  of  favorable  results 
which  a  hurricane  may  generate.   Much  of  what  is  said  in 
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the  cited  works  is  of  a  speculative  nature  and  very  little 
is  supported  by  thorough  scientific  inquiry.   The  need  for 
further  research  concerning  non-destructive  aspects  of 
hurricanes  is  clearly  justified  by  the  paucity  of  existing 
literature  pertaining  to  that  topic  and  its  speculative 
character. 


CHAPTER  3 
HURRICANE  SUPPRESSION 

Damage  Caused  by  Hurricanes 

In  the  continental  United  States  from  1925  to  1970, 
hurricanes  were  responsible  for  4  911  deaths  and  the 
destruction  of  $7.5  billion  in  property  (Brinkman,  1975). 
Compared  to  other  natural  hazards,  hurricanes  rank  second  in 
both  the  number  of  fatalities  and  value  of  property  damage.* 
The  harmful  effects  of  hurricanes  are  further  emphasized  by 
their  concentration  in  a  narrow  zone  along  the  coastlines  of 
the  Atlantic  Ocean  and  the  Gulf  of  Mexico. 

Historical  records  bear  witness  to  the  damage  which  can 
result  from  severe  hurricanes.   A  storm  tide  which  inundated 
Galveston,  Texas,  in  1900  is  said  to  be  responsible  for  the 
loss  of  6000  lives.   In  1909,  350  lives  were  lost  to  a  storm 
in  Louisiana  and  Mississippi.   In  August  and  September  of 
1915,  separate  hurricanes  struck  Galveston,  Texas,  and 
Burwood,  Louisiana,  each  causing  the  loss  of  approximately 
275  human  lives.   Similar  losses  of  life  are  reported  for 


*Tornadoes  killed  8037  people  during  the  same  time 
period,  and  floods  caused  $9.2  billion  in  damages  from  1925 
to  1969  (Brinkman,  1975) • 
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storms  of  1319  and  1926  in  Florida.   Over  1 800  persons  are 
estimated  to  have  died  in  the  September  1928  hurricane  in 
which  wind-driven  waters  from  Lake  Okeechobee  overflowed 
into  populated  areas.   Over  400  persons  are  known  to  have 
perished  in  the  "Labor  Day  Storm"  of  1935  in  the  Florida 
Keys  and  along  the  Gulf  of  Mexico  coast  to  Tampa.   Hurricane 
"Audrey"  in  1957  took  390  lives.   In  more  recent  years, 
deaths  in  the  United  States  have  been  fewer,  owing  to 
advance  warning  and  evacuation  of  people  from  exposed 
locations,  but  property  damage  continues  to  grow  as  a  result 
of  increasing  urbanization  (N0AA,  1971b)  in  areas  where 
building  codes  and  land  use  controls  do  not  effectively 
minimize  hazard  risks. 

Brinkman's  summary  of  hurricane  hazards  in  the  United 
States  indicates  how  rapidly  population  and  urban 
development  are  increasing  in  areas  subject  to  hurricane 
violence.   Dury  (1977)  has  further  warned  that  past 
estimates  of  the  danger  from  hurricanes  are  probably  too 
low.   His  application  of  statistical  techniques  to  data 
derived  from  hurricanes  occurring  from  1900  through  1972 
yields  results  which  prompted  him  to  forecast  that: 
"Prospects  for  h u r r i cane- re  1  a  ted  flood  damage  in  a  single 
event  within  the  next  quarter  century  appear  to  be  grim 
indeed"  (Dury,  1977,  p.  257).   It  is  little  wonder  that  men 
seek  to  suppress  these  great  storms. 
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Cloud  Seeding 


A  variety  of  techniques  for  suppressing  hurricanes  are 
available.   Suggestions  which  include  the  use  of  nuclear 
devices  are  so  obviously  infeasible  that  no  actual 
experiments  have  been  performed  using  those  means,  and 
relatively  little  research  regarding  evaporation  suppression 
or  blocking  of  insolation  has  been  performed.   The  single 
means  for  suppressing  hurricanes  which  is  most  frequently 
studied  by  scientists  and  discussed  by  the  public  at  large 
is  cloud  seed  i  ng . 

Cloud  seeding  is  accomplished  by  artificially  applying 
certain  finely  particulated  materials  to  potential  rain 
clouds  or  clouds  already  producing  rain.   This  procedure  is 
an  outgrowth  of  Langmuir's  (  19^7)  studies  of  the  role  of 
nuclei  in  creating  droplets  of  water  from  clouds.   Most 
commonly  silver  iodide,  and  occasionally  dry  ice  or  other 
substances,  are  spread  into  clouds  to  increase  the  number  of 
available  hygroscopic  nuclei.   It  is  hypothesized  that  this 
practice  should  increase  the  quantity  of  rainfall  derived 
from  a  given  cloud.   Opinions  about  its  effectiveness  vary 
and  research  concerning  the  efficacy  of  cloud  seeding  as 
ameans  of  increasing  long  term  rainfall  has  not  yet  yielded 
conclusive  results  (Kazmann,  1972). 

In  hurricane  seeding,  the  goal  is  not  to  increase 
precipitation  but  rather  to  modify  the  storm  so  as  to  reduce 
its  intensity  or  to  cause  it  to  move  in  a  direction  away 
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from  populated  areas  (Braham  £  Neil,  1953).   Seeding  of 
selected  portions  of  the  hurricane  is  used  to  decrease  the 
temperature  and  pressure  differences  within  the  storm  and 
thereby  disorganize  circulation  around  the  eye  and  reduce 
wind  speeds  ("Project  Stormfury  .  .  .  ,"  1971). 

The  first  hurricane  cloud  seeding  experiment  on  record 
occurred  off  the  coast  of  Georgia  and  South  Carolina  in 
1 9 A 7 -   A  group  from  Project  Cirrus,  a  rainmaking  experiment, 
flew  into  the  storm  and  dropped  about  1 80  pounds  of  dry  ice. 
Unfortunately,  the  storm  changed  direction  immediately  after 
the  seeding  and  made  landfall  at  Savannah,  Georgia,  causing 
heavy  flooding  and  considerable  damage  to  property  in 
Georgia  and  South  Carolina  (Braham  &  Neil,  1958; 
"Science--Meteorology ,"  1963;  Niddrie,  1964;  "Project 
Stormfury  .  .  .  ,"  1971). 

The  sudden  change  in  direction  of  the  19^7  storm  was  at 
the  time  cited  as  evidence  that  the  seeding  had  had  a  marked 
effect.   However,  inasmuch  as  previous  and  subsequent  storms 
have  exhibited  equally  erratic  changes  in  path  without 
having  been  seeded,  no  definite  conclusion  may  be  drawn  from 
the  events  following  that  particular  seeding  episode  (Braham 
&  Neil,  1953).   At  present,  it  seems  unlikely  that  the  19^7 
seeding  experiment  had  a  significant  effect  upon  the 
hurricane.   R.H.  Simpson  (1969),  while  he  was  director  of 
the  National  Hurricane  Center,  commented  that  for  seeding  to 
be  effective,  it  would  have  to  be  performed  continuously, 
rather  than  on  a  single  application  basis. 
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No  further  hurricane  cloud  seeding  was  attempted 
until  1961.   At  that  time  the  United  States  Weather  Bureau 
authorized  the  dropping  of  silver  iodide  into  Hurricane 
"Esther."   Maximum  wind  speeds  in  the  seeded  sector  dropped 
by  as  much  as  1 A  percent.   Within  hours  after  the  seeding, 
however,  the  storm  had  regained  full  strength 
("Sci  e nee- -Meteorology  ,"  1963)  . 

During  the  following  year,  Project  Stormfury  was 

established  as  a  collaborative  effort  by  the  Departments  of 

Commerce  and  Defense.   The  express  roll  of  Project  Stormfury 

is  to  perform  research  pertaining  to  hurricane  modification 

(NOAA,  1971a).   This  project  is  part  of  a  larger  effort 

aimed  at  several  aspects  of  research  pertaining  to 

hurricanes.   J.  Simpson  (19&7)  bas  described  the  areas  of 

major  concentration  of  hurricane  research.   Little  change 

has  occurred  since  her  remarks: 

No  effort  is  currently  being  directed 
towards  operational  weather  modification,  which 
is  still  largely  in  the  empirical  or  statistical 
phase.   The  current  work  consists  of  background 
experiments,  in  the  following  three  senses  of  the 
word  : 

1.  "Before  and  after"  measurements  on 
full-scale  atmospheric  systems  after 
introducing  an  artificial  alteration.   The 
alteration  is  designed  to  be  predictable 
and  controllable,  and  is  at  least  backed 
by  physical  hypotheses  outlining  its 
consequences.   Our  Stormfury  cumulus  and 
hurricane  seeding  experiments  are  examples. 

2.  Detailed  observations  upon  situations 
in  which  nature  herself  is  performing 

a  partially  controlled  experiment.   An 
example  is  our  study  of  the  alterations 
of  airflow  and  convecti ve  cloud  patterns 
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by  heated  islands.   The  measurements  can  be 
examined  in  the  framework  of  a  fairly  well 
developed  theoretical  model. 

3.   Numerical  experiments  based  on 
solutions  of  the  hydrodynamic  equations  and 
comparing  the  results  with  aircraft  and 
other  observations. 

We  hope  also,  when  staff  permits,  to  embark 
on  some  laboratory  experiments.   (J.  Simpson, 
1967,  p.  95) 

Cloud  seeding  experiments  are    the  most  highly 
publicized  hurricane  research  activity,  although  very  little 
seeding  has  taken  place.   The  first  hurricane  to  be  seeded 
under  the  auspices  of  Project  Stormfury  was  "Beulah,"  1963. 
After  "Beulah,"  there  was  not  another  hurricane  seeded  until 
"Debbie,"  1 969  (NOAA,  1971a;  "Project  Stormfury  .  .  .  ," 
1971).  The  seeding  of  Hurricanes  "Esther"  and  "Beulah"  were 
very  similar.   Silver  iodide  was  dropped  along  the  eye 
wall  of  each  storm  and  winds  diminished  for  several  hours 
afterward  as  apparent  results  of  the  seeding.   "Debbie" 
was  more  heavily  doused  with  silver  iodide  than  were  the 
previous  storms,  as  well  as  receiving  the  treatment  further 
out  in  the  cloud  wall,  with  the  apparent  consequence  of 
having  greater  effect  upon  the  storm  ("Project  Stormfury  .  . 
.  ,"  1971). 

The  apparent  success  of  the  experiment  with  Hurricane 

"Debbie"  suggests  that  hurricane  modification  through  cloud 

seeding  can  be  made  into  a  feasible  routine  practice.   In 

R.H.  Simpson's  (1969)  words: 

The  changes  that  occurred  in  Debbie  were 
these:   The  diameter  of  her  eye  had  originally 
been  about  15  miles.   Reports  received  at  the 
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National  Hurricane  Center  from  aircraft 
monitoring  the  storm  indicated  that,  after  the 
seeding,  the  eye  wall  expanded  to  a  40-mile 
diameter.   The  central  pressure  rose  an 
appreciable  amoun t--wh i ch  indicates  a  lessening 
of  i n tens i ty--and  maximum  winds  decreased 
somewhat.   It  was  not  a  spectacular  change,  but 
it  was  a  change  essentailly  in  the  direction  that 
was  predicted  by  the  hypothesis  on  which  we  were 
operating.   (R.H.  Simpson,  19&9,  p.  35) 

"Ginger"  in  1971  is  the  only  other  hurricane  which  has 

been  seeded  under  the  Project  Stormfury  program  (NOAA, 

1978).   The  results  of  seeding  "Ginger,"  however,  were  not 

as  promising  as  those  of  "Esther,"  "Beulah,"  and  "Debbie." 

Wind  speeds  in  Hurricane  "Ginger"  actually  increased  after 

seeding  (NOAA,  1972) . 

Unpredictability  of  Hurricanes 


The  unpredictability  of  hurricanes  and  uncertainty 
about  how  they  will  react  to  seeding  have  been  major  factors 
which  have  limited  the  number  of  hurricane  modification 
experiments.   Fear  of  law  suits  has  prompted  the 
administrators  of  Project  Stormfury  to  be  very  selective  in 
choosing  a  hurricane  to  seed  ( "Sc i ence-- Met eo ro 1 ogy , "  1  9 6 3 )  . 

Statements  made  by  Frank  (Malone,  1979),  in  his 
capacity  as  Director  of  the  National  Hurricane  Center, 
during  Hurricanes  "David"  and  "Frederic"  in  1979  illustrate 
the  inability  even  of  hurricane  experts  to  forecast 
accurately  the  storms*  movements  and  development.   Dr.  Frank 
predicted  on  September  2  that  the  eye  of  Hurricane  "David" 
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would  come  ashore  during  early  morning  hours  of  September  3, 
somewhere  between  Palm  Beach,  Florida,  and  Marathon, 
Florida.  The  eye  of  the  storm  actually  crossed  the  coast 
slightly  north  of  Palm  Beach,  just  outside  the  predicted 
zone,  after  noon  on  September  3.   When  asked  about  the 
apparent  incorrectness  of  his  forecast  after  the  storm's  eye 
missed  the  center  of  the  predicted  zone  of  landfall  by  100 
miles,  Frank  commented  that  his  forecast,  "was  about  as 
close  as  we  can  get.  ...  My  average  forecast  is  plus  or 
minus  100  miles"   (Malone,  1973,  p.  1). 

The  "plus  or  minus  100  miles"  degree  of  accuracy 
applies  only  to  very  short  term  forecasts.   When  the 
forecast  concerns  an  event  more  than  2k    hours  into 
the  future,  accuracy  drops  sharply.   Predictions  of  the 
movement  and  development  of  a  hurricane  are  based  upon 
the  observation  that  although  the  path  of  the  storm  may 
sometimes  be  quite  erratic,  changes  in  the  direction 
or  intensity  of  a  hurricane  do  not  usually  occur  rapidly. 
The  forecaster  may  generally  assume  that  the  direction  and 
intensity  of  a  hurricane  will  continue  with  little  change 
for  a  short  while.   Although  research  is  expanding  the 
available  knowledge  of  atmospheric  dynamics,  the  physical 
properties  of  the  atmosphere  are  not  yet  sufficiently 
understood  so  as  to  provide  any  more  dependable  guidelines 
for  hurricane  forecasts  than  the  projection  of  current 
trends  and  movements. 
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On  September  7,  several  days  after  Frank's  "as  close  as 
we  can  get"  estimate  of  "David's"  landfall,  he  rendered  his 
opinion  concerning  the  seriousness  of  the  storm  called 
"Frederic."   At  that  time,  "Frederic"  had  just  crossed 
the  island  of  Hispaniola  and  had  weakened  to  a  level  of 
intensity  which  barely  qualified  it  as  a  tropical  storm. 
Frank  proclaimed  that  "Frederic"  posed  no  serious  threat. 
Other  persons  connected  with  the  National  Hurricane  Center 
were  quoted  as  saying,  "I  would  not  encourage  people  to  keep 
their  storm  shutters  up  just  because  of  Frederic."  and  "The 
center  is  very  weak  and  diffuse"  (Dominican  Republic  .  .  . 
,"  1979,  p.  12).   Less  than  a  week  later,  3^0,000  people 
evacuated  from  coastal  areas  of  Florida,  Alabama,  and 
Mississippi  as  "Frederic"  approached  with  130  mile  per  hour 
winds  and  15-foot  storm  tides  (Markowitz,  1978). 

The  prevailing  lack  of  detailed  knowledge  concerning 

the  mechanisms  which  control  hurricanes  has  led  to  the 

criticism  that  actual  experiments  in  cloud  seeding  are 

premature.   Only  four  years  prior  to  the  official  advent  of 

Project  Stormfury,  a  study  funded  through  the  National 

Hurricane  Research  Project  (Braham  £  Neil,  1958)  stated 

that, 

It  appears  to  the  writers  at  this  time  that 
the  hurricane  is  so  poorly  described  and  that 
there  is  so  little  known  about  the  thermodynamic 
and  hydrodynamic  processes  which  govern  its 
growth  and  decay,  it  is  not  possible  to  set  down 
a  rational  argument  linking  any  known  effect  of 
seeding  to  predicted  changes  in  the  behavior  of 
the  storm.   (Braham  &  Neil,  1958,  p.  2) 
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Simpson  &  Simpson  (1966)  have  responded  to  that 
criticism  by  comparing  hurricane  modification  research  with 
early  research  concerning  nuclear  physics: 

It  has  been  stated  that  one  should  know  more 
about  hurricanes,  be  able  to  model  any  experiment 
numerically  using  the  hydrodynamic  equations,  and 
be  able  to  validate  the  assumptions  before  field 
experiments  are  undertaken. 

This  has  not  been  the  approach  of  the 
classical  physicist,  for  whom  the  early  atomic 
pioneers  such  as  Rutherford  and  Bohr  will  serve 
as  familiar  examples.   These  men  chose  to  learn 
about  atomic  structure  by  conducting  experiments 
upon  actual  a toms-- th i s  Is  our  example  and 
motivation  in  hurricane  experimentation. 
(Simpson  &  Simpson,  1966,  p.  10^5) 

The  Simpsons'  analogy  may  be  used  equally  well  as  an 
argument  in  support  of  the  opposing  sentiment.   Early 
nuclear  physicists  cannot  have  imagined  the  immensely 
destructive  forces  with  which  they  were  dealing.   The 
consequences  of  accidently  detonating  a  nuclear  explosion  in 
a  laboratory  placed  in  some  large  city  are  obvious  and 
should  provide  an  insight  to  the  possible  consequences  of 
tampering  with  nature's  greatest  storms.   By  the  Simpsons' 
own  admission,  a  mature  hurricane  releases  many  times  the 
quantity  of  energy  released  by  the  typical  hydrogen  bomb. 

The  first  hurricane  cloud  seeding  experiment  occurred 
in  the  same  year  the  Langmuir's  theory  of  raindrop 
nucleation  was  published.   Although  the  question  of  whether 
seeding  experiments  are  still  premature  may  be  subject  to 
debate,  there  is  no  doubt  that  the  19^7  seeding  experiment 
was  highly  exploratory.   Much  too  little  was  known  about  the 
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dynamic  aspects  of  hurricanes  at  that  time  and  too  little 
caution  was  exhibited  in  the  venture.   Since  19**7  great 
strides  have  been  made  in  improving  the  understanding  of 
hurricanes.   Some  of  that  new  knowledge  has  been  derived 
from  cloud  seeding  experiments.   The  sum  of  what  is  known 
about  hurricanes  is,  however,  still  small  compared  to  what 
is  unknown  and,  all  too  often,  persons  who  are  in  position 
to  make  decisions  concerning  the  modification  of  weather 
must  act  on  the  basis  of  sketchy  information. 


CHAPTER  k 
RESEARCH  DESIGN 

The  importance  of  hurricane  and  tropical  storm 
rainfall,  as  part  of  the  total  rainfall  of  South  Florida,  is 
measured  and  the  impact  that  the  loss  of  such  rainfall  would 
have  on  South  Florida's  water  supply  is  evaluated.   The 
principal  questions  addressed  herein  are  stated  below. 
Each  question  is  answered  in  the  order  stated  so  that  the 
information  derived  from  earlier  inquiries  may  be  used  in 
answering  later  questions. 

I.   What  quantities  and  proportions  of  South 
Florida's  rainfall  come  from  hurricanes  and  tropical  storms? 

II.   What  quantities  and  proportions  of  hurricane  and 
tropical  storm  rainfall  are  retained  as  part  of  South 
Florida's  water  supply? 

III.   What  effects  would  the  loss  of  hurricane  and 
tropical  storm  rainfall  have  on  South  Florida's  long  term 
ability  to  meet  water  demands? 

IV.   What  implications  would  the  effects  of  deleting 
hurricane  and  tropical  storm  rainfall  from  the  water  supply 
have  for  long  range  water  management  planning  in  South 
Florida? 


30 


31 


Study  Area 

The  study  area  Is  the  South  Florida  Water  Management 
District  (SFWMD)  (Figure  1).   This  region  is  chosen  because 
hurricanes  strike  here  more  frequently  than  any  other  part 
of  the  state.   Both  negative  and  positive  impacts  of 
hurricanes  are    greater  for  this  region  than  elsewhere. 
South  Florida,  particularly  the  southeastern  coastal  area, 
which  is  exposed  to  direct  hurricane  strike  from  the  sea,  is 
highly  urbanized.   This  means  not  only  that  thousands  of 
people  and  much  valuable  real  estate  face  potential  danger 
from  hurricanes,  but  also  that  there  is  a  high  demand  for 
water  for  municipal  supplies  and  thermal  electricity 
generation.   Inland  from  the  coastal  cities,  extensive  areas 
of  agriculture  and  natural  wetlands  also  require  water. 
Although  South  Florida  could  have  much  to  gain  if  hurricanes 
did  not  strike,  it  could  also  have  much  to  lose.   The 
hurricane  is  a  prominent  part  of  the  hydrologic  cycle  in 
this  reg  i  on . 

Organization  and  Methodology 


I.   What  quantities  and  proportions  of  rainfall  result 
from  hurricanes  and  tropical  storms  in  the  South  Florida 
Water  Management  District? 

Two  types  of  information  are  used  to  answer  this 
question:   A)  What  is  the  total  amount  of  rainfall  which 
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STUDY   AREA 

THE   SOUTH   FLORIDA 
WATER   MANAGEMENT  DISTRICT 


FIGURE     I 

THE  SOUTH  FLORIDA  WATER  MANAGEMENT  DISTRICT 
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occurs?   and   B)  How  much  rainfall  comes  from  tropical 
cyclones?    After  each  of  these  measurements  is  acquired, 
the  figures  are  paired  and  used  to  calculate  the  percentage 
of  rainfall  from  hurricanes  and  tropical  storms. 

II.   What  quantities  and  proportions  of  hurricane  and 
tropical  storm  rainfall  are  retained  as  part  of  the  South 
Florida  Water  Management  District's  water  supply? 

Estimates  of  the  amounts  of  infiltration  and 
impoundable  runoff  are  based  upon  the  rise  of  water  levels 
in  test  wells  and  the  area  of  impoundment  basins  and  their 
wate  rsheds . 


III.   What  effects  would  the  loss  of  tropical  cyclone 
rainfall  have  on  the  South  Florida  Water  Management 
District's  ability  to  meet  its  water  requirements? 

Several  types  of  information  are  required  to  answer 
this  question.   A)  What  effects  would  the  loss  of  hurricane 
rainfall  have  upon  long  range  water  supplies?   This  is 
obtained  by  comparing  rainfall  from  a  30-year  interval  of 
high  hurricane  activity  with  rainfall  from  a  30-year 
interval  of  low  activity.   B)  How  much  water  is  used  in  the 
Water  Management  District?   These  data  are  obtained  from 
published  documents.   C)  What  will  the  water  demands  for  the 
future  be  in  the  Water  Management  District?   Estimates  of 
future  demand  are  based  on  projections  of  past  water  use 
rates  and  population  growth. 
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IV.   What  implications  would  the  effects  of  deleting 
hurricane  and  tropical  storm  rainfall  from  the  water  supply 
have  for  long  range  planning  in  the  South  Florida  Water 
Management  District? 

The  plans  and  policies  of  the  South  Florida  Water 
Management  District  are  examined  with  respect  to  actions 
that  may  be  affected  by  a  decline  in  rainfall. 
Recommendations  are  made  regarding  indicated  changes  in 
water  management  policies. 


CHAPTER  5 
TROPICAL  CYCLONE  RAINFALL 

Da ta  Sources 


Information  regarding  the  dates  and  routes  of 
hurricanes  and  tropical  storms  was  obtained  from  various 
sources.   The  most  useful  reference  was  Neumann  et  a  1 . 
(I978)  Tropical  Cyclones  Of  The  North  Atlantic  Ocean 
1871-1977.   This  book  contains  numerous  maps  illustrating 
the  routes  of  tropical  cyclones  and  textual  descriptions  of 
the  geographical  and  temporal  distributions  of  the  storms. 
Tannehill  (1952)  Hurr ?  canes  contains  similar  descriptions 
of  tropical  cyclone  tracks  and  was  also  used  extensively. 
Other  references  which  were  consulted  included  Bruun  et  al . 
(1962),  Coastal  Engineering  Department,  University  of 
Florida  (1951),  Dunn  (196  7)  ,  Haggard  &  White  (1959),  Hebert 
&  Taylor  (1978),  NOAA  (1973),  Schoner  &  Molansky  (1956), 
Simpson  (1971),  Sugg,  Pardue,  &  Carrodus  (1971),  and 
Tannehill  (1938). 

Forty-one  hurricanes  and  forty-four  tropical  storms 
(Table  1)  influenced  rainfall  in  the  South  Florida  Water 
Management  District  from  1919  through  1978.   Rainfall  data 
are  recorded  for  the  dates  on  which  the  storms  influenced 

35 


36 


TABLE  1 
DATES  OF  HURRICANE  AMD  TROPICAL  STORM  RAINFALL 


HURRI CANES 

1919 

Sept. 

3-10 

1345 

Sept. 

14-16 

1920 

Sept. 

25,  23-30 

1946 

Oct. 

7-  8 

1321 

Oct. 

24-25 

19^7 

Sept  . 

17-18 

1924 

Oct. 

13-21 

1947 

Oct. 

11-12 

1326 

July 

26-28 

1948 

Sept. 

21-23 

1326 

Oct. 

20-21 

1948 

Oct. 

4-  5 

1328 

Aug . 

7-  3 

1  9^9 

Aug. 

26-28 

1928 

Sept. 

16-17 

1950 

Sept  . 

3-  6 

1329 

Sept. 

27-29 

1950 

Oct. 

15-18 

1933 

July 

23  -  Aug.  1 

1951 

May 

17 

1933 

Sept. 

1 

1353 

Oct. 

16-19 

1933 

Sept. 

It-  6 

1360 

Sept. 

3-11 

1933 

Oct. 

3-  5 

1964 

Aug. 

26-28 

1935 

Sept. 

2-  5 

19  64 

Sept. 

3-11 

1935 

Sept. 

28-29 

1964 

Sept. 

27-28* 

1935 

Nov. 

4-  5 

1364 

Oct. 

5-  6* 

13  36 

July 

29-30 

1964 

Oct. 

14-15 

1933 

Aug . 

11-13 

1965 

Sept. 

7-  3 

1  9*4  1 

Oct. 

6 

1966 

June 

8-  3 

1344 

Oct. 

16-19 

1966 

Oct. 

2-  5 

1945 

June 

21-24 

1968 

Oct. 

16-19 

*  Hurricane  "Hilda",  passing  and  returning. 


TROPICAL  STORMS 


1925 

Nov. 

30  -  Dec.  1 

1953 

Aug . 

27-31 

1926 

Sept. 

15-17* 

1953 

Oct. 

3-  5 

1928 

Aug . 

12-14 

1953 

Oct. 

7-10 

1930 

Sept . 

6-10 

1959 

June 

16-20 

1932 

Aug  . 

23-31 

1960 

Sept. 

21-25 

1934 

Hay 

26-28 

l°62 

Aug . 

24-26 

1934 

July 

22-23 

1964 

June 

5-  6 

1936 

June 

13-15 

1967 

Sept  . 

7-  8 

1936 

Aug . 

21-22 

1368 

June 

2-  6 

1937 

July 

28-30 

1368 

June 

17-20 

1937 

Aug . 

23-31 

1968 

Aug . 

9-10 

1938 

Oct. 

13-17* 

1363 

Sept. 

6-  7 

1940 

Aug  . 

2-  3 

1969 

Oct. 

1-  4 

1941 

Sept. 

15-17 

1970 

Sept  . 

13-15 

1941 

Oct. 

1  7-21 

1970 

Sept . 

26-27 

1345 

Sept. 

3-  5 

1971 

Aug . 

10-12 

1346 

Nov. 

1-  2 

1972 

Sept  . 

4-  6 

1347 

Aug . 

13-20 

1974 

June 

24-28 

1947 

Sept. 

22-23 

1974 

Oct. 

6-  7 

1947 

Oct. 

5"  6 

1  S  75 

June 

26-27 

1951 

Oct. 

1-  3 

1976 

Aug  . 

17-19 

1352 

Feb. 

2-  3 

*  two  storns  overlapped 
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Florida  and  summed  to  obtain  the  total  rain  from  tropical 
cyclones  during  the  sixty-year  period  and  for  specified 
shorter  time  intervals  within  that  period.   Although  only 
rainfall  totals  and  the  dates  on  which  the  rain  fell  are 
needed  to  calculate  how  much  water  originates  from  tropical 
cyclones,  several  other  items  are  tabulated  and  compared  to 
hurricane  and  tropical  storm  rainfall  in  order  to  obtain  a 
better  understanding  of  the  relative  importance  of  tropical 
cyclone  rainfall  as  a  part  of  the  total  rainfall  of  the 
area. 

In  addition  to  daily  rainfall  data  for  the  dates  on 
which  tropical  cyclones  were  passing  the  study  area, 
rainfall  is  also  tabulated  for  each  calender  year,  and  for 
the  months  of  peak  tropical  cyclone  activity  from  June 
through  October  of  each  year.   Although  the  hurricane  season 
for  Florida  is  officially  defined  as  lasting  from  June 
through  November,  only  one  hurricane  and  two  tropical  storms 
influenced  rainfall  in  South  Florida  in  November  during  the 
study  period.   This  conforms  to  the  findings  of  Niddrie 
(1964)  for  tropical  cyclones  in  the  Caribbean  Sea  and 
Atlantic  Ocean  from  1 A 9 2  to  the  early  1960's.   November  is 
therefore  excluded  from  the  hurricane  season  for  the  purpose 
of  this  study.   Rainfall  data  are  obtained  from  monthly  and 
annual  summaries  of  c 1 i ma tol og i ca 1  data  published  by  the 
United  States  Government. 


Selection  of  Stations 
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Although  there  are  numerous  stations  within  and  near 
the  study  area,  few  of  them  have  existed  for  the  entire 
sixty-year  period.   Only  one  station,  Bartow,  a  few  miles 
outside  of  the  Water  Management  District,  appears  to  have 
remained  at  exactly  the  same  site  for  the  full  sixty  years. 
Key  West,  another  station  with  sixty  years  of  complete 
records,  and  very  little  change  in  location,  is  excluded  in 
spite  of  being  within  the  Water  Management  District  because 
rain  which  falls  In  the  Keys  does  not  contribute  to  the 
recharge  of  mainland  aquifers  (Spangler,  1 9 S 1 ) . 

After  numerous  stations  had  been  eliminated  because  of 
location,  short  periods  of  records,  or  erratic  records, 
nineteen  weather  stations  were  found  to  be  suitable.   These 
stations  are  Arcadia,  Avon  Park,  Bartow,  Belle  Glade, 
Everglades  City,  Fellsmere,  Fort  Lauderdale,  Fort  Myers, 
Fort  Pierce,  Homestead,  Isleworth,  Kissimmee,  La  Belle, 
Miami,  Moore  Haven,  Okeechobee,  Orlando,  Punta  Gorda,  and 
West  Palm  Beach  (Figure  2). 

Since  it  was  not  possible  to  use  only  weather  stations 
which  had  sixty  years  of  continuous  data  in  exactly  the  same 
location,  a  series  of  t-tests  was  performed  to  ascertain 
the  degree  of  temporal  consistency  of  the  data  from  each 
station.   The  sixty-year  study  period  was  divided  into  two 
thirty-year  intervals  which  were  compared  as  independent 
samples.   The  mean  annual  rainfall  at  ten  of  the  nineteen 


39 


FIGURE  2 

WEATHER  STATIONS 
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stations  was  significantly  different  for  the  two  intervals 
at  the  95%  confidence  level  (Table  2). 

It  is  noteworthy,  however,  that  Bartow,  the  station 
which  had  the  most  complete  and  dependable  record  for  the 
full  sixty-year  period,  was  one  of  the  stations  which  the 
t-test  indicated  as  being  significantly  different  from 
itself.   The  differences  observed  between  rainfall  data  from 
the  earlier  half  of  the  study  period  compared  to  the  later 
half  thus  do  not  necessarily  indicate  that  the  data  were 
affected  by  changes  in  station  location.   Rather,  the 
differences  might  be  explained  by  climatic  change.   Analyses 
of  hurricane  rainfall  data  and  total  rainfall  for  the  region 
indicate  that  significant  declines  have  occurred  in  the 
second  half  of  the  study  period. 

Determining  if  Rain  is  Caused  by  a  Tropical  Cyclone 


Rainfall  which  occurs  during  the  passage  of  a  hurricane 
or  tropical  storm  center  several  hundred  miles  away  may  or 
may  not  be  directly  related  to  the  passing  tropical  cyclone. 
Satellite  remote  sensing  imagery  may  be  used  to  determine 
the  areal  distribution  of  clouds  associated  with  the 
tropical  cyclone  and  reveal  the  areas  where  rainfall  was 
directly  attributable  to  such  a  storm,  but  satellite  imagery 
exists  only  from  I960  to  the  present,  and  even  then  is 
difficult  to  obtain  for  i960  through  1968.   No  such  record 
of  the  continuity  of  cloud  coverage  is  available  for  earlier 
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TABLE  2 
t-TESTS  OF  RAINFALL  DATA-- I M D I  V  I  DUAL  STATIONS 

FIRST  30  YEARS  VS.  SECOND  30  YEARS 


1  9  1  9  -  ^  G 

l9i<9-78 

CITY 

MEAN 

MEAN 

t 

Arcadia 

52.50 

52.28 

0 

522 

Avon  Park 

53.52 

52.55 

2 

234 

Bar  tow 

5*4.  77 

53.  16 

3 

f.4  6 

Belle  Glade 

57.12 

55.70 

3 

595 

Everglades  City 

53.61 

53.40 

0 

556 

Fel Ismere 

55.93 

51  .C2 

8 

991 

Fort  Lauderdale 

61  .56 

59.  74 

3 

■301 

Fort  Myers 

53.27 

53.29 

-0 

.064 

Fo  r t  Pierce 

52.76 

52.34 

031 

Hones  t  ead 

62.20 

60. 1(1 

149 

1  s 1 ewor th 

51.60 

51.0^ 

424 

K  i  s  s  i  mmee 

49.93 

49.24 

723 

La  Bel  le 

51  .36 

51.74 

-  1 

133 

Miami 

57. W 

57.51 

-0 

077 

Moore  Haven 

49.95 

49.33 

1 

608 

Okeechobee 

46.97 

45.60 

3 

726 

Orlando 

51  .06 

49.89 

3 

254 

Pun  ta  Go  rda 

50.96 

49.37 

3 

641 

West  Palm  Beach 

61  .73 

59.40 

5 

919 

CRITICAL  VALUES  OF  t: 
0.05  Confidence  Level  =  2.04 
0.01  Confidence  Level  =  2.75 
*  -  Significant  at  .01  Level 


TABLE  3 


SATELLITE  IMAGERY 


DATE 

STORM 

SATELLITE 

1969 

Sept. 

5 

T.S. 

GEROA 

ESSA  9 

1969 

Oct. 

2 

T.S. 

J  E  M  M  Y 

ESSA  9 

19V0 

Sept. 

14 

T.S. 

FEL 1 CE 

ITOS  1 

19  70 

Sept. 

27 

T.S. 

GRETA 

I  TOS  1 

1971 

Aug  . 

1  2 

T.S. 

BETH 

ESSA  9 

1S72 

June 

19 

HURR 

AGUES* 

ESSA  9 

19  72 

Sept . 

5 

T.S. 

DAWN 

ESSA  9 

1S74 

Oct. 

6 

T.S. 

( no  name) 

SA'.S/GOES 

19/4 

June 

25 

Subt 

'op.  St.  (no  n.i 

me)  SMS/GOES 

1575 

June 

26 

T.S. 

AMY 

SMS/GOES 

1  S  75 

Sept  . 

23 

HURR 

GLADYS* 

SMS/GOES 

1976 

Aug  . 

17 

T.S. 

DOTTI E 

SMS/GOES 

19/9 

Aug  . 

30 

HURR 

DAV 1 D* 

SI'.S/GOES 

1979 

Sept . 

3 

HURR 

DA  VI  D* 

SMS/GOES 

1579 

Sept . 

8 

HURR 

FREDERI C* 

SMS/GCES 

1979 

Sept. 

1  2 

HURR 

FREDER-I  C* 

SMS/GOES 

1330 

Aug  . 

5 

HURR 

ALLEN* 

SMS/GOES 

1980 

Aug. 

9 

HURR 

ALLEN* 

SMS/GOES 

*  Indicates  storms  which  passed  either  outside  of 
the  study  area  or  after  the  end  of  the  study  period. 
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times.  V/ithout  direct  knowledge  of  whether  an  area  was 
covered  by  clouds  which  emanated  from  a  tropical  system,  it 
is  not  possible  to  determine  with  certainty  if  rain  which 
fell  at  a  given  place  on  a  certain  day  was  the  result  of  the 
passing  tropical  cyclone  or  of  other  local  or  ext ra- t rop i ca 1 
causes . 

Pre v  ious  Studies 


Previous  studies  of  tropical  cyclone  rainfall  have 
failed  to  address  the  problem  of  whether  a  given  observation 
of  rain  actually  resulted  from  a  specific  storm.   Cry  ( 1 9 6 7 ) 
discusses  the  problem  of  wind  reducing  the  effectiveness  of 
rain  collection  devices  but  neglects  the  question  of  whether 
the  given  sample  should  be  considered  at  all.   Goodyear 
(1968)  avoids  raw  c 1 1  ma tol og i ca 1  data  by  using  the  United 
States  Army  Corps  of  Engineers  "Storm  Rainfall  in  the  United 
States"  (19^5  et  seg)  whenever  possible.   For  earlier  times 
he  draws  his  information  directly  from  summaries  of  weather 
station  records,  but  gives  no  explanation  of  how  it  is  known 
that  the  rainfall  is  the  result  of  tropical  cyclones  in 
either  situation.   Examining  the  Corps  of  Engineers'  storm 
rainfall  reports  also  discloses  no  statement  on  this  topic. 

Milton  (1978)  cites  Schoner  and  Molansky  (1956)  and 
Miller  (1358)  as  having  the  most  sophisticated  networks  of 
data  to  work  with,  but  it  appears  that  their  methodologies 
for  selecting  the  data  to  be  used  were  no  more  advanced  than 


others  who  have  written  on  the  topic  of  tropical  cyclone 
rainfall.   Schoner  and  Molansky  list  the  C 1 i ma t o 1 og i ca 1  Data 
and  Corps  of  Engineers  as  their  data  sources,  just  as 
Goodyear  does,  and  make  no  further  statement  regarding  the 
selection  of  data. 

Miller  chose  to  discontinue  tabulating  data  whenever 
the  winds  around  the  center  of  the  storm  dropped  below 
hurricane  force.   This  practice  ignores  any  rain  which 
results  from  tropical  storms  and  a  substantial  part  of  the 
rain  resulting  from  dissipating  hurricanes.   Miller  also 
discusses  the  problems  of  rain-gauge  effectiveness  and  the 
possibility  of  orographic  and  ex t ra t rop i ca 1  influences  on 
hurricane  rainfall.   He  states  that  hurricane  rainfall  data 
from  Florida  are  virtually  free  of  orographic  and 
extratropical  effects.   While  the  flatness  of  Florida 
certainly  minimizes  orographic  effects,  the  statement 
regarding  extratropical  influences  must  be  questioned.   NOAA 
satellite  imagery  of  Hurricane  "Gladys,"  September  23,  1975 
(Figure  3),  clearly  shows  a  middle  latitude  frontal  system 
blending  with  the  tropical  cyclone. 

Gentry  (1964)  is  the  only  author  who  has  been  found  to 
discuss  a  means  for  determining  the  actual  areas  in  which 
rain  is  falling  in  the  vicinity  of  a  hurricane  or  tropical 
storm.   He  cites  the  use  of  airborne  radar  for  the  purpose 
of  studying  the  patterns  of  hurricane  rainbands.   Gentry's 
methodology  is  not  relevant  to  the  present  project,  however, 
because  a  source  of  radar  imagery  for  the  appropriate  time 
interval  could  not  be  found. 
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FIGURE  3 
HURRICANE  "GLADYS",  SEPTEMBER  25,  1975 


FIGURE  k 
TROPICAL  STORM  "AMY",  JUNE  26,  1975 
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Criteria  for  Determining  Rainfall  Source 

Remote  sensing  imagery  was  employed  in  this  study  but 
was  found  to  be  of  little  use  because  no  hurricanes  and  only 
eight  tropical  storms  passed  near  the  South  Florida  Water 
Management  District  between  1369,  the  time  for  which  the 
earliest  imagery  could  be  obtained,  and  the  end  of  the  study 
period  in  1978.   Other  means  had  to  be  found  to  determine  if 
rainfall  could  be  attributed  to  a  tropical  cyclone. 

Several  assumptions  were  tested  as  reasonable  criteria 
on  which  to  base  such  decisions.   These  assumptions  were 
designed  to  provide  a  consistent  set  of  criteria  which  could 
be  applied  in  the  absence  of  direct  evidence.   The  results 
obtained  by  such  criteria  were  compared  to  the  conclusions 
derived  from  remote  sensing  imagery  (Table  3).   Because  of 
the  small  number  of  tropical  cyclones  covered  by  satellite 
imagery  during  the  study  period,  several  additional  images 
of  storms  which  passed  near  South  Florida  during  1979  and 
1 980  were  a  1  so  used . 


Some  Discarded  Assumptions 

Although  the  assumptions  appeared  to  be  consistent  with 
known  patterns  of  hurricane  behavior,  most  of  them  could  not 
be  applied  to  the  present  study.   One  assumption  was  that 
the  shape  of  the  area,  where  rainfall  was  influenced  by  a 
tropical  cyclone,  would  be  congruent  with  the  shape  of  a 
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smaller  area  defined  by  specific  values  indicating  heavy 
rainfall  and  strong  wind.   It  was  found,  however,  that  the 
area  of  the  South  Florida  Water  Management  District  was  too 
small  to  yield  the  patterns  of  data  required  to  determine 
the  shape  of  the  intense  part  of  the  storm.   A  larger 
network  of  stations  is  needed. 

Another  assumption  was  that  if  a  station  which  reported 
no  rainfall  on  a  given  day  lies  between  an  area  of  known 
tropical  cyclone  influence  and  another  station  or  stations 
which  report  some  rainfall,  it  would  be  assumed  the  rain 
which  fell  at  locations  beyond  the  dry  station  is  not  the 
result  of  the  tropical  cyclone.   This  criterion  assumes  that 
any  station  which  is  under  the  influence  of  a  tropical 
cyclone  should  receive  at  least  a  small  quantity  of  rain 
during  a  24-hour  period.   It  was  found,  however,  that 
relatively  dry  storms  with  poorly  developed  circulation, 
such  as  Tropical  Storm  "Amy"  on  June  26,  1975  (Figure  4), 
apparently  pass  some  stations  without  dropping  rain  for 
24-hour  periods.   Again,  a  denser  network  of  weather 
stations  spread  across  a  larger  area  would  be  required  to 
ascertain  the  rainband  pattern  for  storms  of  the  pre-imagery 
era. 

A  further  difficulty  in  applying  the  second  criterion 
is  found  in  the  quality  of  the  raw  data.   Weather  stations 
do  not  all  record  their  data  at  the  same  time  of  day.   Thus, 
rain  which  falls  simultaneously  in  two  different  locations 
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may  be  attributed  to  different  days  and  rain  which  falls  on 
adjoining  days  may  be  attributed  to  the  same  day. 

A  third  assumption  was  that  for  any  location  which  is 
known  to  receive  precipitation  from  a  tropical  storm  or 
hurricane  on  at  least  one  day,  the  period  of  time  in  which 
the  place  was  influenced  by  the  storm  will  be  assumed  to 
extend  neither  earlier  than  the  last  preceding  dry  day  nor 
later  than  the  next  following  day  without  rain.   Widely 
spaced  rainbands  and  erratic  rainfall  patterns  impair  the 
utility  of  this  criterion  as  well,  particularly  for 
relatively  dry  storms. 

The  quality  of  the  data  (Appendices  A  and  B)  also 
presents  another  problem.   Occasionally  the  passage  of  a 
hurricane  may  disable  the  rain  gauge  or  prevent  the  observer 
from  recording  each  day  of  rainfall.   Several  days  of 
rainfall  may  go  unrecorded  or  may  be  reported  in  a  single 
observation.   Published  summaries  of  c 1 i ma tol og i ca 1  data 
normally  contain  notes  when  cumulative  quantities  for 
several  days  are  reported,  but  there  appear  to  be  unnoted 
instances  of  such  reports  as  well,  as  for  example  at 
Okeechobee  in  1939  when  no  rain  was  recorded  for  two  days 
while  the  eye  of  a  hurricane  passed  over  the  area,  but  over 
three  inches  was  recorded  for  the  following  day  when  the 
storm  center  was  several  hundred  miles  away. 
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Prpcedu  res 

Wide  variability  in  the  size,  shape,  intensity,  and 
rainfall  patterns  of  hurricanes  and  tropical  storms 
precluded  the  prescription  of  any  rigidly  defined 
methodology  for  determining  whether  a  given  observation  of 
rainfall  was  the  result  of  a  tropical  cyclone  system,  at 
least  within  the  confines  of  the  area  chosen  for  this  study. 
A  comprehensive  study  of  the  characteristics  of  the 
peripheral  regions  of  tropical  cyclones  in  the  North 
Atlantic  Ocean,  Caribbean  Sea,  and  Gulf  of  Mexico  might 
provide  some  definitive  statements  on  this  topic,  but  such  a 
study  is  beyond  the  scope  of  the  present  investigation. 

The  method  used  in  this  study  was  to  plot  each  daily 
rainfall  value  on  a  map  and  to  examine  the  spatial  and 
temporal  distributions  of  rainfall  across  the  study  area  for 
the  several  days  while  each  storm  passed.   Prior  to  the 
approach  of  a  hurricane  or  tropical  storm,  the  Water 
Management  District  usually  had  several  days  when  rain  was 
reported  at  few,  if  any,  stations.   if  rain  was  found  at  a 
majority  of  stations,  the  quantities  would  tend  to  be  small 
and  randomly  distributed  across  the  area.   With  the  approach 
of  a  tropical  system,  rainfall  generally  increased  in 
frequency  and  quantity  for  several  days  before  returning  to 
pre-s torm  1  eve  1 s . 

The  principles  of  spatial  and  temporal  continuity  apply 
to  tropical  cyclone  rainfall  but  not  in  the  rigidly  defined 
manner  which  was  prescribed  by  earlier  assumptions.   If  one 
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or  several  stations  report  no  rain  on  a  given  day,  those 
stations  and  others  yet  more  distant  from  the  storm  center 
may  still  be  judged  to  be  under  the  influence  of  the 
tropical  system  if  the  proximity  of  the  storm  and  the 
general  pattern  of  circulation  around  it  can  be  used  to 
explain  the  pattern  of  rainfall  observations. 

In  most  instances,  if  rain  was  falling  at  a  given 
location  and  there  was  a  tropical  weather  system  centered 
within  300  miles  of  the  site,  the  rain  was  attributed  to 
that  storm.   The  300-mile  maximum  radius  conforms  to  the 
limit  of  the  area  for  which  Miller  (195&)  selected  data. 
Miller,  however,  used  that  distance  as  a  rigid  arbitrary 
limit  while  the  present  findings  suggest  only  that  it  is  an 
approximate  median  of  the  radius  of  the  area  that  would  be 
influenced  by  a  hurricane  or  tropical  storm,  which  may 
extend  from  150  to  600  miles  from  the  storm  center. 


Analysis  of  Tropical  Cyclone  Rainfall 


Summary  and  Discussion  of  Rainfall  Data 

The  rainfall  data  which  have  been  collected  for  nineteen 
weather  stations  in  and  near  the  South  Florida  Water 
Management  District  are  divided  into  twelve  five-year 
intervals  and  two  thirty-year  intervals  as  well  as  being 
summed  for  the  full  sixty-year  period.   These  data  concern 
annual  rainfall  and  seasonal  rainfall  for  the  five-month 
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period  of  peak  tropical  cyclone  activity  for  all  nineteen 
stations  (Table  4),  annual  and  seasonal  rainfall  for  each 
individual  station  (Tables  5  through  23  and  Figures  5  and 
6),  tropical  cyclone  rainfall  for  each  of  the  five  months 
of  the  period  of  peak  hurricane  activity  (Tables  24  through 
23),  and  years  and  months  of  individual  tropical  cyclones 
(Table  29) . 

Mean  annual  rainfall  from  hurricanes  for  all  stations 
for  the  sixty-year  period  is  2.05  inches,  or  3.3  percent  of 
the  annual  total  rainfall  and  5.3  percent  of  the  seasonal 
rainfall.   Mean  rainfall  from  tropical  storms  is  1.7** 
inches,  or  3.2  percent  of  the  annual  rainfall  and  4 .9 
percent  of  the  seasonal  rainfall.   Hurricanes  and  tropical 
storms  combined  comprise  3.79  inches  of  rain  or  7.0  percent 
of  the  annual  rainfall  and  10.6  percent  of  the  seasonal 
ra  i  n  f a  1  1  . 

Mean  annual  rainfall  from  hurricanes  for  the  individual 
stations  ranges  from  1.60  inches  (3.0  percent)  at  Arcadia  to 
2.71  inches  (4.4  percent)  at  Fort  Lauderdale.   Rainfall  from 
tropical  storms  ranges  from  1.19  inches  (2.2  percent)  at 
Bartow  to  2.18  inches  (4.1  percent)  at  Fort  Myers.   Rainfall 
from  hurricanes  and  tropical  storms  combined  rannes  from 
2.97  inches  (5.7  percent)  at  Arcadia  and  3.05  inches   (5.6 
percent)  at  Bartow  to  4.66  inches  (7.5  percent)  at  Fort 
Lauderdale  and  4.30  inches  (7.7  percent)  at  Fellsmere. 
Mean  monthly  rainfall  from  hurricanes  and  tropical  storms 
combined  ranges  from  0.1  inch  or  1.8  percent  for  July  to  1.2 


TABLE    k 
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TROPI CAL 

CYCLONE 

RA 

ANNUAL 

*    HURR. 

SEASON    * 

10    YRS 

MEAN 

*     (JUNE 

-    OCT)     » 

H  U  F.  P 

ICA.'I 

CATES 

RECORD 

rai  n 

*        MEAN 

,     ANN     * 

HE  AN 

.,    AMI 

191  9    - 

2  3 

5 

52.97 

56.26 

'    33.62 
»    37.-3 

63.5      ; 
66.  5       * 

1  .  09 

3.54 

2.  1 
6.3 

192  9    - 

3  J 

5 

57.  47 

-    36.32 

63.2       * 

3.33 

5.3 

I934    - 

35 

5 

53.  40 

*    34.  1.1 

64. 4        * 

1  .52 

2.0 

1939    - 

43 

5 

5'. 75 

«    3"t.B3 

63.6       - 

0  .146 

0.  C 

1  3  »*  "4      - 

1949    - 

48 

53 

5 
5 

57. 42 
53.63 

*  "40 .  S7 

*  36. '•I 

70.7       ^ 
71.6       * 

7.22 

2.66 

12.6 
5.  3 

13S*    - 

53 

5 

53.  19 

*      32. 04 

60.2       * 

0  .00 

0.  0 

1959    - 

63 

5 

56.  d3 

»  37.17 

65.  6       * 

1 .72 

3-0 

1964    - 

65 

5 

53.66 

*  33.00 

70.3       4 

2.91 

5  .  4 

1969    - 

73 

5 

53.23 

*    33.63 

63.3       ■ 

0.00 

0.0 

1974    - 

70 

5 

i<3.65 

*    32.13 

66.0       * 

0.00 

0.  0 

1919    - 

■>  8 

30 

55.38 

»    36.20 

65.1.       * 

2.36 

5.2 

1949    - 

78 

30 

53.  14 

*    35.2*1 

66.3          2 

1.25 

2.3 

1919    - 

73 

60 

514.26 

*    35.72 

65.3      * 

2.0s 

3.3 

RAINFALL— ALL    STATIONS 


1.7* 

3.0 

3.02 

5.6 

0.0  0 

0.0 

2  .  60 

4.6 

2.32 

"4.3 

1.16 

2.  2 

1.36 

■4   .0 

1.63 
1 .  34 

2.9 
3.5 

4.  60 

3.0 

12.7 

14.56 

3.5 

13.3 

1.55 

2.3 

14.44 

8.9  6 

15.6 

22.  1 

5.33 

11.0 

15.3 

0.  00 

0.0 

0.0 

"4.31 

7.6 

11.6 

5.23 

9.7 

13. s 

1.16 

2.2 

3.4 

1.96 

4.0 

6.1 

4.4s 

8.  1 

12.14 

3.09 

5.3 

8.8 

3.79 

7.0 

10.6 

TABLE    5 


TROPICAL    CYCLONE    RA I N FALL-- ARCAD I  A 


ANNUAL 

*    HURR. 

SEASON     « 

NO 

YRS 

HE  AH 

*     (JUNE 

-    OCT)     * 

HURT. 

CAN 

DATES 

RECORD 

RAIN 

*       MEAN 

%    ANN    * 

MEAN 

[     AN 

23 

2 

48.97 

*    28.92 

59.  1        * 

1.43 

2.9 

1924    - 

?S 

5 

54.54 

-    39. 75 

72.9       * 

1929    - 

33 

5 

43.93 

*    30.41 

62.2        ' 

2.23 

in 

5 

50.52 

*    34.47 

41 

5 

55.30 

*    39.05 

70.6       ' 

48 

5 

55.95 

*    39.62 

70.  6 

53 

5 

58.98 

*    45.80 

77.7 

2.93 

b.U 

19514    - 

5ft 

5 

50.02 

*    23.15 

56.3 

1959    - 

63 

5 

56.45 

«    35.79 

63.14 

1 .63 

HP, 

5 

54.16 

*    39.35 

72.6 

5 

46.94 

«    31.93 

65.2 

1971.    - 

73 

5 

45.  12 

*    32.214 

71.5 

0.00 

1919    - 
19i<9    - 

1(8 
78 

27 
30 

52.75 
52.28 

*  35.83 

•  35.55 

67.9 
63.0 

2.07 
1.12 

3.9 
2.  1 

A!  N 

a 

.     HURR 

+    TROP 

ST. 

SEA 

* 

MEAN 

%     ANN 

%    SEA 

0.0 

, 

1.43 

2.9 

5.0 

4.5 

3.84 

7.0 

9.7 

2.  3 

6.3 

* 

2  .  94 
3.96 

6.0 
7.8 

9.7 
11.5 

2.2 

ft 

1.30 

2.3 

3.3 

2.9 

» 

5.53 

10.4 

14.7 

7.5 

* 

6.35 

10.3 

13.9 

0  .0 

1  .5 
5.4 
4.1 

• 

0  .00 
2.15 
4.  23 
1.38 

0.0 

3.3 

7.9 
2.8 

0.0 
6.0 
10.9 
4.  3 

6.7 

" 

2.15 

4.5 

6.7 

3.2 

« 

3.22 

6.  1 

9.0 

l<.5 

* 

2.72 

5.2 

7.7 

52.50   «  35.68   63 


1924 
192  3 
1934 
I  9  3D 

1  >4 

154  9 
1954 

1959 


TABLE 

6 

TRC 

PICAL    CYCLONE 

RAINFALL-- 

AVON 

PARK 

ANNUAL     • 

HURR. 

SEASON     * 
-    OCT)     * 
5     ANN.' 

ANE     RAIN           * 

TROP 

STORM 

RAIN        * 

HURR 

+    TROP 

ST. 

RAIN        * 

(JUNE 
MEAN 

MEAN       5 

ANN 

SEA    » 

MEAN 

.,     ANN 

S;    SEA    • 

1EAN 

%    ANN 

5    SEA 

* 

63.3       * 

1.4  1          2 

.  7 

3.9       * 

0.00 

0.0 

0.0       * 

.41 

2.7 

3-9 

52.16       * 

33.01 

72.9       - 

2.64 

.  1 

7.0       ' 

2.00 

3.3 

5.3       * 

4.65 

3.9 

12.2 

55.54       « 
50.94        a 

34.93 
32.  14 

62.9       * 
63.1       « 

3.21 

0  .  82 

'.i 

9.2        - 
2.5 

0.32 
2.1S 

1  .  5 
4.3 

2.3      * 
6.8       * 

4.03 
3.0  0 
1.54 
7.80 
3.95 

7.  3 
5.9 
2.8 
13-1 
11.2 

11.5 
5.3 

56.00       « 
59.54       * 
53.17        - 

35.39 
43.67 
33.06 

63.2  * 

73.3  e 
67.8       » 

1.03 
6.69       1 
3.51 

.8 
.  2 

.6 

2.9       ' 
5.3       ' 
9.7       ' 

0.51 
1.12 
2.43 

0.9 
1  .9 
4.6 

2.6  * 

6.7  * 

1  7 "  3 

16.5 

52.26        * 
58.89      * 

33.14 
37.13 

63.4       • 
63.0       • 

0.00          0.0 
2.04          3.5 

0.0 
5.5 

0.00 

2.15 

c.  0 
3.6 

0.0       * 
5.8       - 

0  .  00 

4.19 

0.  0 
7.  1 

0  .  0 
11.3 

53.27       » 

36.41 

68.  3       ' 

2.11 

.  0 

5.8 

1  .90 

3.6 

5.2       ' 

4.01 

7.5 

11.0 

51 .70       * 

34.06 

65.9       • 

0.00 

.0 

0.0 

1.11 

2  .  1 

3.3      * 

1.11 

2  .  1 

3-  3 

46.01       ?■ 

31.81 

69.1       < 

0.00 

.0 

0.0 

2.62 

5.7 

3.3      * 

2.62 

5.  7 

3 .  3 

54.49       e 

36.86 

67.6       < 

2.63 

.8 

7.  1 

1.11 

2  .  0 

3.0      » 

3.74 

6.9 

10.1 
8.6 

52.  55       * 

34.77 

66.2 

1  .23 

.4 

3.7 

1  .  70 

3.  2 

4.9       * 

2  .  93 

5.  7 

53.52       * 

35.79 

66.9 

1.96 

3-7 

5.5 

1  .40 

2  .6 

3.9       - 

3.36 

6.3 

9.4 

TABLE    7 


52 


HO    VRS 

.flllUAL 
NT.  AN 

•■   ;ju:ie 

SEASON    « 
-    OCT)     » 

HU 

RECORO 

RAIN 

•        MEAN 

'..     ANN     " 

MEAN 

5 

53.53 

■    33  .  ■>  S 

62.0       « 

1  .42 

5 

56.  74 

*    33.96 

6<i.0       * 

2.26 

5 

60.10 

»    37.45 

6  2.3       * 

3.36 

5 

S^ .  77 

s    32.30 

5'J.l       ' 

1.13 

5 

53.22 

»    32.42 

60.3       - 

0.50 

5 

57.49 

*    33.01 

CO.  1       « 

7.01 

5 

53.72 

»    36.75 

68.4       t 

2.83 

5 

54  .  30 

*    30.33 

56.3       • 

0.00 

5 

63.13 

-    38.2  5 

60.6       * 

2.12 

5 

4  8.03 

-    30. 9* 

64.4       * 

1  .67 

5 

50.71 

•    30.17 

59-5       - 

O.OO 

5 

46.  56 

'-   23.48 

60.7       - 

0.00 

30 

56.30 

«    35.61 

63.2       » 

2.61 

30 

53.17 

•    32.75 

61.6       • 

1.11 

GO 

S<4.  7S 

*    34.  IS 

62.4       * 

1  .86 

4INFALL- 

-BARTOW 

, 

TROP 

STORM 

RAIN        « 

HURR 

*     TROP 

ST. 

SEA 

MEAN 

;.     ANN 

•i     SEA     * 

MEAN 

t     ANN 

1    SEA 

4.2 

0.00 

0.0 

0.0        * 

1  .  42 

2.6 

4.2 

5.7       '- 

2.21 

3.5 

5.5      * 

4.47 

7.6 

11.2 

9.0       - 

0.C3 

1  .4 

2.2       * 

4.19 

7.0 

11.2 

3.5       * 

2.75 

5.0 

8.5      * 

3.  86 

7.  1 

12.0 

1.5       ' 

0.54 

1  .  0 

1.7      * 

1  .  04 

2.0 

3.2 

8.5      • 

1  .42 

2.5 

3.7      « 

£.43 

14.7 

22.2 

7.8       ' 

1.13 

2.  1 

3.1       - 

4.00 

7.5 

10.5 

0.0        » 
5.5       * 

5.4       • 

0  .00 

1  .06 
1.34 

0.0 
2  .6 

2.8 

0.0        * 
4.3      * 
4.3       * 

0.  00 
3.73 
3.01 

0.0 
6.0 
6.3 

0.0 
9.9 
9.7 

0.0        ' 

0.82 

1  .6 

2.7       * 

0.82 

l  .6 

2.7 

0.0        » 

1.55 

3.2 

5.3       « 

1  .55 

3.2 

5.3 

7.3       " 

1.29 

2.  3 

3.6       » 

3.91 

6.9 

11.0 

3.4        - 

1.03 

2.0 

3.3       - 

2.  19 

4.  1 

6.7 

TABLE    8 


TROPICAL    CYCLONE    RA I N FALL-- BELLE    GLADE 


1919  -  23 

1924  -  28 

1529  -  33 

1934  -  38 

15  39  -  4  3 

1944  -  46 

1949  -  53 

1554  -  58 

1959  -  63 


«  38.84 

-  38.34 

*  37.03 

*  37.38 
«  45.44 
=  44.45 

*  33.56 

-  39.97 
5  36.77 
»  38.56 

*  33.17 


65.5 
6  5.0 
67.3 
65.4 
70.  0 
77.5 
60.2 
67.9 
74.1 
63.2 
66.  5 


3.14 
0.00 

0.00 

3.06 
1  .42 

2.24 


3.7 

5.S 


2  .90 
1.21 
2.66 


3.7 

1  .0 

5.3 


3.6 
1.3 

5.6 


4.21 

1  .46 

11.31 

8.08 
0.00 
4.17 
4.  54 
0.51 
1.87 

4.69 
3.  19 


7.7 
2.6 
17.4 
14.1 


16.1 

10.4 
11.4 

3.9 
24.9 
18.2 

0.0 
10.4 
11.7 

1.3 


TABLE    9 

TROPICAL 

CYCLONE 

RAIN  FALL  - 

•-EV 

ERGLADES 

CITY 

ANNUAL 

S     HIT.  P.. 

SEASON    * 

NO    YRS 

MEAN 

«     (JUNE 

-    OCT)     * 

HUR 

IUCANE 

P.A  1  N          * 

TROP 

.     STORM 

RAIN        * 

HURR 

+    TROP 

.     ST. 

BATES 

RECORD 

RA  1  ■', 

*        MEAN 

I     ANN     » 

MEAN 

X    ANN 

i    SEA    * 

MEAN 

5     ANN 

i    SEA    * 

MEAN 

X    ANN 

%    SEA 

1319    - 
1  924     - 

23 
28 

0 
2 

47.13 

'     40.05 

65.0        * 

0.94 

3.46 

7.3 

0.7       - 

0.00 
3.94 

8.4 

9.8       * 

0.94 

7  .  40 

15.7 

IS. 5 

1529    - 
1834    - 

33 

38 

57.55 

55.67 

«    40.4  1 
«    40.86 

70.2        « 

73-4       * 

3.38 

3.34 

5.9 

6.0 

6.4       « 
3.2       * 

2.oe 

5.24 

3.6 
9.4 

5.2       » 
12.8       « 

5.4b 
8.58 

9  .5 
15.4 

13.5 
21.0 

1939    - 

1  J44    - 

43 

is 

5 
5 

46.  76 
58.32 

*  31.74 

*  42.97 

67.9       » 
73.7       • 

1.61 
7.01 

3.4 
12.0 

5.  1       * 
16.3       - 

0.44 
2.5S 

0.  9 
4.4 

6.0       * 

2.05 
3.  59 

It".* 

6  .  5 
22.3 

15'49    - 

1 :-  3  4  - 

53 
53 

5 
5 

50.27 
56.07 

•■>    3  8.41 
*    35.59 

76.4  • 

63.5  • 

1 .09 
0  .00 

2  .  2 

0.0 

2.8       * 
0.0        * 

2.05 
0.00 

4.  1 
0.0 

5.3       * 
0.0      » 

3.  14 

0  .  00 

6  . 2 
0.0 

8.  2 
0.0 

1959  - 

t>3 

5 

56.53 

■'■    4  2.24 

74.7       » 

2.13 

3.8 

5.0       « 

2.97 

5.2 

7.0      « 

5.05 
4  .  76 

3.0 
8.8 

12.1 

1964    - 

68 

5 

54.57 

<-    4  2.70 

78. 2       ■ 

2.73 

5.0 

6.4       * 

2.05 

3.  8 

4.8       * 

1  9  0  9    - 

73 

5 

52.99 

<■     39.31 

74.2 

0.00 

0.0 

0.0       * 

1.15 

: .  2 

2.9       * 

1.15 

2  . 2 

2.9 

1574    - 

78 

5 

49.99 

'    37.07 

74.2       - 

0.00 

0.0 

0.0       « 

1.22 

2.4 

3.3       * 

1  .22 

2.4 

3.  3 

1919    - 

46 

22 

53.90 

*    39.09 

72.5       * 

3.29 

6.  1 

8.4        * 

2.36 

4.4 

6.1       « 

5.67 

10.5 

14.5 

1519    - 

71 
76 

30 
52 

53.40 
53.61 

'    39.2  2 
«    33.10 

73.4 
73.  1 

0.99 
2.  14 

1.9 

4.0 

2.5       - 
5.5      * 

1  .57 
1.90 

2.9 
3.7 

4.0      * 
5.0       - 

2  .  56 
4.12 

4  .  S 
7.7 

6.  5 
10.5 

TAELE    10 


TROPICAL    CYCLOriE    RA  I  NFALL-- FELLSME  RE 


53 


OATHS 

RECORD 

RAIN 

'■        MEAN 

'.;  ANN  * 

MEAN 

;  ANN 

„  SEA 

MEAN 

:.  ANN 

;  SEA 

(IE  AN 

•4  ANN 

i   sc 

191°  - 

23 

5 

48.06 

-  34.25 

71.3 

0.59 

1  .  2 

1.7   ' 

0  .00 

0  .  0 

0.0 

•   0.59 

1  .  2 

1.7 

1921.  - 

28 

5 

61.57 

«  41 .62 

67.3   ■ 

4.91 

7.9 

11.8   * 

3.24 

5.2 

7.E 

3.14 

U.2 

13.  n 

1929  - 

3  3 

5 

62  .06 

»  JS.*5 

62.0   - 

2.75 

4.4 

7.2   • 

1  .42 

2.  3 

3.  7 

4.17 

6.7 

10.3 

1  3  3  *•  - 

3S 

5 

59.49 

*    38. 43 

64.6   * 

0.93 

1  .6 

2.4   * 

2  .95 

5.0 

7.7 

3. SB 

6.5 

10.1 

1939  - 

43 

5 

63.33 

a  4  1.45 

64.9   , 

0.42 

0.7 

1.0   * 

1  .26 

2.9 

4.  5 

'   2.29 

3.6 

5.S 

19*4  - 

43 

5 

60.20 

*  4  5.48 

75.6   « 

8.22 

13.6 

18.1   a 

2.57 

4.  3 

5.7 

10.79 

1  7.9 

23.7 

1949  - 

53 

4 

58.25 

a  3D. 05 

67.0   ' 

3.93 

6.8 

10.2   * 

4.24 

7.3 

10.9 

8.23 

14.1 

21.1 

1951.  - 

5° 

5 

54.96 

*  35.53 

64.  7   » 

0.00 

0.0 

0.0   * 

0.0  0 

0.0 

0.0 

0  .  00 

0.0 

0.0 

1959  - 

63 

5 

55.48 

»  3  5.61 

6  4.2   * 

1.13 

2  .0 

3.2   * 

5.03 

;.  1 

14.1 

6.16 

11.1 

17.3 

1964  - 

66 

4 

45.  14 

*  33.24 

7  3.6   « 

2.53 

5.7 

7.7   * 

2.20 

4.9 

6.6 

4.76 

10.5 

14.3 

1969  - 

73 

3 

46.68 

»  30.74 

65.9   » 

0.00 

0.0 

0.0   * 

1.27 

2.  7 

4.  1 

1  .27 

2.7 

4.  1 

1974  - 

78 

3 

46.03 

*  29.4  1 

63.9   * 

0.00 

0.0 

0.0   * 

1.37 

3.0 

4.7 

1.37 

3.0 

4.7 

1519  - 

48 

30 

59.26 

*  39.95 

67.4   « 

2.97 

5.0 

7.4   « 

2.01 

3.4 

5.0 

4.  98 

3.4 

12.5 

1949  - 

78 

24 

51. C3 

*  3V.25 

66.  1   « 

1.28 

2.5 

3.7   s 

2.3  5 

4.5 

6.9 

3.63 

7.0 

10.6 

37.25      66.6 


4. 30         7.7         11.6 


TABLE     11 


TROPICAL    CYCLONE    RA I N FALL-- FORT    LAUDERDALE 


RAI  :■ 


*  HURR.   SEASON 

*  (JUNE  -  OCT) 
-    MEAN   S  ANN 


62.49  «    37.20 

66.14  »    40. 79 

70.62  *  45.45 
58.73  *  36.33 
54.97  -  30.94 
71.61  =45.70 
54.69  •    37.54 

62.63  •  33-33 
57.38  *  38.33 
67.92  *  43. 13 
53.73  *  33-95 
53.76  *    36.23 


61  .8 
56.3 

63.8 
63.6 
5  3.2 
66.8 
70.9 
56.3 


MEAN  %     A 

1.22  2.0  3.3 

7.5  1  11.4  18.4 

3.73  5.3  3.2 
1.33  2.3  3.7 
0.15  0.3  0.5 
9.50  13.3  20.8 
1.96  3.6  5.2 
0.00  0.0  0.0 

1.74  3.0  4.5 
5.37  7.3  U.2 
0.00  0.0  0.0 
0.00  0.0  0.0 


3.3  1 


6.  1 


0.00  0.0  0.0 

3.83  5.3  9.4 

1.21  1.7  2.7 

2.82  4.3  7.8 

1.24  2.3  4.0 

1  ,9S  2.8  4.3 

3.57  6.5  9.5 

0.00  0.0  0.0 

2.91  5.1  7.6 

2.21  3.3  "1.6 

1.06  1.8  3.1 

2.62  4.5  7.2 

1  .65  2.9  4.7 


■IURR    +    TROP.     ST. 


IE  AN 


ANN 


1.22  2.0 

1 1 . 34  17.1          2 

4.95  7.0          1 

4.15  7.1         1 

1.39  2.5 

11 .48  16.0         2 

5.53  10.1         1 

0.00  0.0 

4.65  8.1          1 

7.58  11.2          1 

1 .06  1.8 

2.62  4.5 


TABLE     12 


TROPICAL    CYCLONE    RA 1 NFALL-- FORT 

MYERS 

ANNUAL 

»  HURR. 

SEASON  * 

NO  YRS 

MEAN 

1  (JUNE 

-  OCT)  * 

HURRICANE 

RAIN     *     TRCR 

.  STORrt 

3AI  H 

»    HURR 

♦  TROP 

ST  . 

DATES 

RECORD 

RAIN 

*   MEAN 

.  ANN  « 

MEAN   S  ANN 

•;     SEA  «   MEAN 

%     ANN 

;  SEA 

*   MEAN 

.  ANN 

;  si 

19|u  - 

•  3 

54.76 

*  40.07 

73-2    « 

0.93     1.3 

2.4   5   0.00 

0.0 

0.0 

'■   0.98 

1.8 

2.4 

1924  - 

23 

52  .  07 

7  5-1    ■ 

3.89    7.5 

3.9   *   3.39 

6.5 

8.7 

*       7.23 

14.0 

18.6 

1929  - 

33 

52.50 

*  34.33 

65.4   * 

2.04    3.9 

6.0   *   2. 79 

5.3 

3.  1 

*   4.33 

3.2 

14.  1 

1534  - 

3; 

50.01 

5  36.59 

73.2   « 

2.48    5.0 

6 . S   *   3.35 

6.7 

9.2 

5   5.33 

11.7 

15.3 

1539  - 

43 

58.65 

*  41.19 

70.2   « 

0.09    0.2 

0.2   *   0.95 

1  .6 

2.3 

*   1  .  04 

1  .6 

2  .  5 

1944  - 

18 

51.47 

»  30.43 

74.7   « 

7.44   14.5 

19.4  --       1.49 

2.9 

3-3 

"  i.  93 

17.4 

23.2 

1949  - 

53 

52.40 

5  ^2.35 

30.8   * 

1 . 30    2.5 

3.1   e   3.92 

7.5 

3.  3 

*   5.22 

10.0 

12.3 

1954  - 

58 

52.77 

s  34.04 

64.5   * 

0.00    0.0 

0.0  «  0.00 

0.0 

D.  0 

»   O.on 

0.0 

0.0 

1955  - 

63 

55.36 

*  39.54 

71  .4   * 

2.53    4.6 

6.4   *   3.34 

6.0 

3.5 

»   5.68 

10.6 

14.9 

1964  - 

68 

45.67 

*  3  7.10 

74.7   * 

1.88    3.6 

5.1   *   2.34 

4.7 

6.3 

*   4.21 

8.5 

11.4 

1569  - 

73 

55.83 

s  37.77 

67.7   * 

0.00    0.0 

0.0  -     2.13 

3.8 

5.6 

*   2.13 

3.8 

5.6 

1574  - 

78 

52.03 

<  40.25 

77.4   • 

0.00    0.0 

0.0   •   2.43 

4.8 

6.2 

*   2.43 

4.S 

6.2 

1919- 

40 

30 

53.24 

>  33.28 

71.9   » 

2.82    3.3 

7.4   *   2.00 

3.7 

5.  2 

*   4.62 

3.0 

12.6 

1949  - 

78 

30 

53.01 

33.51 

72.6   a 

0.95    1.6 

2.5   •   2.37 

4-5 

C.2 

*   3.32 

6.3 

8.6 

1519  - 

7o 

oO 

53.13 

3S.40 

72.3   ' 

1.C9    3.5 

4.9  -       2.13 

4.  1 

5.7 

«   4.07 

7.  7 

10.6 

TABLE     13 


Sh 


IDS'* 

•    56 

1959 

•     63 

19b<4 

■    si 

I5&3 

•    71 

1974 

76 

1313 

Ii3 

151,3 

/o 

TROPI CAL 

CYCLONE 

RAINFALL 

--FORT 

PIERCE 

ANNUAL 

'     HURR. 

SEASON    ' 

MEAN 

■     ( JU1JE 

-     OCT)      t 

1MIP 

r.  1  c a -i f    »nn        ft 

T r r p .    :tor 

M     RAIN 

HURR 

♦     TRP. 

P.      ST. 

RAIN 

■      mean 

-.     ANN     - 

ME  All 

.     ANN              SEA     ■■' 

MEAN       .     A.11H 

r,    SEA 

MEAN 

■<     ANN 

^    SE 

W.28 

*    26.22 

55.5      ' 

0  .03 

2.1               3.7        * 

0.00          0.0 

0.0 

0.93 

2.  1 

3.7 

52  .60 

ft    33.73 

64.2        ' 

4.  36 

3.2           1  1.  .  1.       « 

3.2'.          6.2 

5.6 

6.10 

1  3.4 

24.0 

56.39 

5    32.59 

5  7.2       ' 

2.65 

3.0            3.3       « 

0.90          1.6 

2.  8 

3.  75 

6.6 

11.5 

53.  60 

*    31.  IS 

57.3      ' 

0.1.3 

0.9           1.5 

1.31         3.4 

5.3 

2  .29 

4.  3 

7.4 

52.5I> 

•    30.31. 

5  7.5      -• 

0  .  29 

0.6            1.0       * 

2.12        4.0 

7.0 

2.42 

4.6 

0.0 

55.31 

•    36.8b 

66.0       < 

7.03 

12.7          19.2       ft 

3.57         6.4 

9.  7 

10.66 

19.1 

26.3 

S*i .  S* 

«    35.21. 

61.. 6       « 

3.38 

6.2            9.6       ft 

3.06         5.6 

8.7 

6.4  4 

11  .6 

IS. 3 

51.11 

«    32.1.6 

63.5       - 

0.  00 

0.0             0.0       ft 

0.00           0.0 

0.0 

0.  00 

0.  0 

0.0 

56.30 

«    36.62 

65.1.       ' 

1 .  51. 

2.7            4.2       ft 

3. SI         6.8 

10.3     - 

5.  35 

9.5 

14.5 

1.9. 05 

*    32.85 

67.0       ' 

3.22 

6.6            3.3       * 

2.35         4.3 

7.  1       ' 

5.56 

11.3 

16.9 

55.85 

*    3  3.26 

59.6       » 

0.00 

0.0            0.0       ft 

0.38         1.6 

2.6       * 

0.66 

1  .  6 

2.6 

1.7.68 

ft    26.01. 

53.6      * 

0  .00 

0.0             0.0        ft 

1.24         2.6 

4.4       < 

1.24 

2.6 

4.4 

53.19 

•    31.83 

53.9       - 

2.76 

5.2             3.7        * 

1.94         3.6 

6.1       • 

4.  70 

3.8 

14.8 

52.1.6 

»    33.  n 

63-1       « 

1.36 

2.6             4.1        ft 

1.39         3.6 

5.7      * 

3.25 

6.2 

9.8 

52.82 

»    32.1.7 

61.5      * 

2.06 

3.9           6.3      * 

1.92         3.6 

5.9      * 

3.37 

7.5 

12.2 

TABLE    yk 


TROPICAL    CYCLONE    RA I N FALL--HOM ESTE AD 


1924 

28 

1523 

31 

1534 

36 

1939 

43 

1944 

46 

1943 

51 

1354 

56 

1959 

l>3 

ANNUAL 

'    HURR. 

SEASON 

MEAN 

ft     (JUNE 

-     OCT) 

RAIN 

58.64 

ft       HEAN 

ft    37.05 

S     ANN 

63.2 

64.92 

1    40.73 

62.7 

64.66 

-    41.91 

64.6 

6-.. 97 

»    45.02 

C3.3 

66.20 

"    47.65 

72.  0 

66.37 

ft    50 .66 

75.3 

57.63 

'    42.27 

7  3.1 

60.39 

ft    36.62 

61.0 

66.63 

ft    46.03 

63.  1 

61.04 

'    45.63 

74.6 

57.53 

ft    40. S2 

70.8 

56.93 
64.53 

'    33.51 

»    44.67 

67.  1 
69.2 

60.41 

41  .56 

63.3 

8.18       12.2 


:  .2 

3.7 


HURR 

*    TROP 

ST. 

KEAN 

i    ANN 

i    SEA 

0.33 

1.7 

2.  7 

6  .66 

10.3 

16.4 

5  .  26 

8. 1 

12.5 

6.5  3 

10.1 

14.5 

1.76 

.    2.7 

3.7 

0.15 

15.2 

20.0 

3.56 

6.2 

6.4 

0  .  00 

0.0 

0.  0 

4.33 

6.5 

9.4 

7.4o 

12.2 

16.3 

1  .  02 

1  .8 

2.5 

1  .  71 

2.9 

4.3 

5.23 

8.  1 

11.7 

3.01 

5.0 

7.2 

4.12 

6.6 

9.6 

TABLE     15 


TROPICAL    CYCLONE     RA  I  N  FALL  --  I  S  L  EV/ORTH 


ANNUAL 

ft    HURR. 

SEASO 

NO 

YRS 

MEAN 

ft     (JUNE 

-     OCT 

DATES 

RECORD 

RAI  II 

*       MEAN 

.;    AN 

1919    -     23 

4 

47.09 

ft    28.85 

61.3 

1924    -     28 

4 

49.43 

»    30.62 

nl. 9 

1929    -    33 

5 

52.53 

*    33.04 

62.3 

1334    -    38 

5 

53.36 

*    33.05 

61.3 

1933    -    4  3 

2 

50.46 

ft    34.73 

66.6 

15,4    -    48 

5 

53.03 

ft    41.14 

70.9 

1349    -    53 

5 

51  .67 

*    33.76 

65.4 

1954    -    58 

5 

47.33 

ft    26. C3 

56.1 

1959    -    63 

5 

57.62 

«    34.2S 

59.5 

1964    -    6b 

5 

43.99 

*    33.06 

66.  1 

1965    -    73 

5 

51.39 

«    25.26 

56.9 

ICAHE 
i     ANN 

RAIN           * 
',     SEA     ft 

TRC 
rtAN 

2.0 
6.3 
4.2 
0.3 

3.2         « 
10.2        * 
6.7       ft 
1.5       « 

0.00 
0.32 
0.33 

3.37 

7.7 
11.7 
3.3 


51 .60       *    32.42       62.8 


5.7 
6.2 


TABLE  16 


TROPICAL  CYCLONE  RA I N FALL--KI SS I MMEE 


55 


URRICANE  RAM 


DATES 

I9>9  -  23 

is:*  -  23 

1323  -  33 

1934  -  3S 

1339  -  43 

194*  -  46 


1  ?3H 

1963 
137". 


56.60  '    33.: 


53.51 
43.72 
56.il. 
46.65 


53.7 
56.1 


~  34.36  65.3 

*  30.54  62. 7 

*  35.53  63.0 

*  31  .25  67.0 
«  23.12  60.7 
5  23.47  67.4 


2.73 
o.  74 

0.33 


24.  3 
11.3 
O.Q 


4.2 
6.3 


0.23 
3.03 
1  .24 
0.71 
1.71 

0.00 

2.32 
2.71 
0.33 
1.93 

1.10 
1.53 

1.34 


5.  oo 
0.83 
1  .33 

3.70 
2.93 

3.31 


5.3 
7.9 
3.  1 
W.5 


16.0 
2.9 
6.5 


9.2 
10.5 


TABLE  17 
TROPICAL  CYCLONE  RAIMFALL--LA  BELLE 


DATES 

1919  -  23 

1924  -  28 

1925  -  33 
1934  -  33 
1939  -  43 
1944  -  43 


1943 


53 


1554  -  58 

195S 

1964 


48.56 
45.45 
48.22 


54.05 
52.63 
55.80 
49.67 


&3.  3 

69. J 
61.7 


30.73 
31.73 
29.73 
45.34 
41.30 
31.99 
34.35 
41.09 


30.75      63.3 


3.2 
3.2 

0.0 
0.0 


1.37 
1  .70 
0.63 
2.47 


7.7 
0.0 

3.3 


BURR 

+    TROP 

ST. 

MEAN 

X     A  ml 

%    SEA 

0.75 





6.10 





5.37 

11.1 

17.5 

6.14 

13.5 

19.4 

0.75 

1  .6 

2.5 

3.  65 

14.6 

19.  1 

5.44 

10.1 

13.0 

1949    -    7£ 
1919    -    76 


2.3 
5.0 


3.  1 
5.  I 

7.  1 


TABLE 

18 

TROPICAL 

CYCLONE 

RAINFALL-- 

MIAMI 

ANNUAL 

*     HURR. 

SEASON 

* 

NO     YRS 

MEAN 

S     (JUNE 

-     OCT) 

*              HURRICANE 

RAIN            - 

TROP. 

>TORM 

RAIN        * 

HURR 

♦     TR 

DATES 

RECORD 

RA  1  N 

*        MEAN 

"i     AN  N 

*        "EAN        J     ANN 

;    SEA    » 

IIEA'I        X 

ANN 

;    SEA    * 

MEAN 

%     AN 

1919 

23 

5 

52.29 

*     30.66 

53.  6 

•      O.35         0.7 

1.1 

0.00 

1.0 

0.0        * 

0.  35 

0.  7 

1924    - 

23 

5 

53.23 

*    36.22 

62.2 

"       3.34         6.6 

10.6       « 

3.33 

».7 

10.7        * 

7.  72 

13.3 

1925    - 

33 

5 

72.94 

»    47.01 

64.  5 

*       4.72          6.5 

10.0        « 

2.41 

.  3 

5-  1        * 

7.  13 

9.3 

1934    - 

38 

5 

59.05 

*    37.36 

64.3 

•       1.39         3.4 

5.2        * 

3.11 

.3 

8.2        « 

5.10 

8.6 

1939    ■ 

43 

5 

56.40 

5    33.40 

53.2 

*       0.11           0.2 

0.3       - 

0. 32 

.  6 

1.0       * 

0.4  3 

0.3 

1944    ■ 

43 

5 

45.63 

*   30. 10 

65.3 

*       4.45         9.7 

14. S       » 

1.46 

.2 

4.9        4 

5.31 

12.9 

1349    - 

53 

5 

52.37 

•    37.42 

70.8 

*       1.77          3.4 

4.7       * 

3.05 

3.  1       • 

4.62 

9.  1 

1954    - 

58 

5 

56.63 

*    32.93 

53.  1 

e     0.00        0.0 

0.0        * 

a. on 

.  0 

0.0       « 

0.  00 

O.O 

1953    - 

63 

5 

57.93 

*    38.43 

66  .4 

-       2.31           4.0 

6.0         * 

3.99         I 

.9 

10.4        « 

6.  30 

TO  .3 

1964    - 

68 

5 

70.05 

•    50. 17 

71  .6 

-      5.36         8.5 

11.3       « 

3.10 

6.2       * 

9.06 

12.9 

1963    - 

73 

5 

56.66 

*    36.62 

64.6 

e     0.00       0.0 

0.(1           » 

2.03 

.7 

5.7       • 

2  .03 

3.7 

1974    - 

7C 

5 

50.36 

»    30.  1  1 

53.  1 

*     0.00       0.0 

0.0        « 

1.36 

.7 

4.5       * 

1.36 

2.7 

1919    - 

48 

30 

57.43 

4    35.39 

62.5 

»     2.53       4.5 

7.2       * 

1  .86 

.2 

5.2       * 

4.44 

7.  7 

1949    - 

78 

30 

57.52 

-     3  7.62 

65.4 

*      1.67        2.3 

4.4       0 

2.26 

.3 

6.0       « 

3.94 

6.  S 

1919    - 

76 

60 

57.43 

*    36.76 

64.0 

*      2.13         3.7 

5.6       « 

2.06 

.6 

5.6       •- 

4.19 

7.3 

TABLE     19 


TROPICAL    CYCLONE     RA I M FALL-- MOO  RE     HAVEN 


56 


DATES 

1919  -  23 

1921  -  23 

1929  -  33 

1  S  3  ■*  -  38 

1939  -  43 

1944  -  U8 

191.9  -  53 

1954  -  58 

1959  -  63 

190-  -  68 

1569  -  73 

1 97U  -  78 


ANNUAL 

'■    HURP. . 

SEASON     * 

MEAN 

*     (JUNE 

-    OCT)     a 

HURP 

1  CAKE 

RAI  M          ■• 

TRO 

RAI  '1 

«       MEAN 

',    ANN     « 

MEAN 

i;     ANN 

~,    SEA     > 

MEAN 

52.67 

»    35.31 

68.0       • 

0.64 

1  .  2 

1.3       * 

O.OO 

51.03 

•    )7.k* 

73.4      * 

2.75 

5.4 

7.3      * 

1.39 

SI.H 

*    34.09 

66. 2       * 

2.19 

4  .  2 

6.4       « 

1.59 

48.  10 

a    30.94 

64.3       * 

1  .  04 

: .  2 

3.4       » 

2.61 

50.33 

«    32.61 

64.1       * 

0.40 

0.0 

1.2        * 

1  .00 

50.1  1 

»    36.45 

72.7       - 

6.59 

1  3.2 

18.1        » 

1.39 

51.33 

*    37.92 

73.9       « 

2.15 

4.2 

5.7       - 

3.51 

49.96 

*    30.13 

60.4       « 

0.00 

0.  0 

0.0       * 

0.  30 

50.  33 

*    32.33 

64.6       « 

2.04 

4.0 

6.2        • 

1.35 

1.6.12 

*    32.83 

71.2       * 

2.11 

4.6 

6.4        • 

1.67 

50.80 

«    3<t.  4Z 

67.3       « 

0.00 

0.0 

0.0       * 

1.23 

<<7.75 

*    32. 1* 

67.3       '- 

0.00 

0.0 

0.0       * 

1  .94 

50.  62 

*    3<t .4 1 

6a. 0     • 

2.27 

4.5 

6.6       * 

1.51 

49.47 

»    33.39 

67.5       « 

1.05 

2.  1 

3.1       * 

1.75 

50.02 

*    33.38 

67.7      * 

1.66 

3.3 

4.9       * 

1.63 

0.0       » 

C.64 

1  .2 

1  .3 

5.3       * 

4.73 

9.3 

12.6 

3.4        » 

3.65 

7.6 

11.3 

3.  1       - 

1.  33 

2.7 

4.3 

5.2       * 

8.4B 

16.3 

2  3.3 

10.1        * 

5.97 

11.6 

IS.  7 

0.0       » 

0.  00 

0.0 

0.0 

5.6       * 

3.  89 

7.7 

11.9 

5.  1       * 

3.7S 

3.2 

11.5 

3.6       * 

1.23 

2.  4 

3.6 

6.0      * 

1 .94 

4.  1 

6.0 

4.4       * 

3.73 

7.5 

11.0 

5.2       • 

2.  30 

5.7 

3.4 

4.3       * 

3.29 

6.6 

9.7 

TABLE    20 


TROPICAL    CYCLONE    RAI  NFALL  — OKEECHOBEE 


1919 

23 

1324 

23 

1929 

13 

1934 

33 

1939 

43 

1344 

43 

1949 

53 

1954 

58 

1959 

•   63 

1964 

68 

1969 

7? 

1974 

73 

1919 

43 

1949 

78 

ANNUAL 

*    HURR. 

SEASON    * 

MEAN 

*     (JUNE 

-    OCT)     « 

RAI  H 

*       MEAN 

5     ANN     * 

46.25 

»    26. 72 

*    31 . 36 

57.3       a 

49.  19 

*    33.71 

66.5       « 

50.37 

*    31.50 

62.3       * 

45.09 

»    25.51 

53.1       * 

43.03 

*    23.33 

60.2        * 

46.53 

*    33.13 

71.1        * 

49.96 

'-    30.45 

61.0       * 

46.21 

*    3  1.04 

67.2       * 

44.57 

'     32.21 

72.3       » 

48.95 

*    30.37 

62.0        « 

35.26 

«    21. S* 

61.1       * 

RRI CANE 

RAIN          * 

TROP. 

STOR.' 

RAIN        * 

HURR 

t    TROP 

ST. 

,    ANN 

;    SEA   « 

MEAN 

%     ANN 

J     SEA     * 

MEAN 

i    ANN 

~,    SE 

0.3 

1.5      * 

0.00 

O.C 

0.0       * 

0.40 

0.9 

1.5 



13.1     - 

1.19 



3.8      * 

5.31 



1». 5 

8.3 
1  .9 
1.5 

12.2       * 
3.1       - 
2.6       * 

1  .  44 
2.99 
1.31 

2.9 

6.0 
2.  7 

4.3       * 

9.5  * 

4.6  * 

5.54 
3.56 
2.05 

11.3 

7.9 
4.2 

16.4 
12.6 
7.2 

11.9 

13.3       « 

0.30 

1.9 

3.1       • 

6.63 

13.8 

22.3 

6.3 

8.8       • 

4.09 

6.3 

12.3       * 

7.01 

15.1 

2  1.2 

0.0 

0.0 

0.00 

0.0 

0.0        " 

0  .  00 

0.0 

0.0 

1.3 
6.  1 

2.0        = 

8.5       * 

3.03 

1  .52 

6.6 
3.4 

9.8       * 
4.7       * 

3.64 
4.26 

7.9 

9.6 

11.7 
13.2 

0.0 

0.0 

1-13 

2.  3 

3.7      * 

1.13 

2.3 

3.7 

0.0 

0.0        * 

1.28 

3.6 

5.9      - 

1  .28 

3.6 

5.9 

5.5 

8.3       * 

1.31 

2.7 

4.3       * 

3.9S 

3.  1 

13.1 

2.3 

3.5       - 

1  .34 

4.0 

6.  1       » 

2.39 

6.3 

3.6 

TABLE    21 


TROPICAL    CYCLONE    RAINFALL  —  ORLANDO 


ANNUAL 

*    HURR. 

SEASON     ' 

NO    YRS 

MEAN 

»      (JUNE 

-    OCT) 

HIJRRI  CANE 

RAIN           * 

TROP 

STOP 

RAIN        » 

HURR 

*    TROP 

ST. 

DATES 

RECORD 

RAIN 

*        MEAN 

3    ANN 

MEAN 

'-    ANN 

5    SEA    ' 

MEAN 

%     ANN 

i     SEA     - 

MEAN 

%     ANN 

;    SEA 

1919    - 

23 

5 

53-56 

*     32.65 

61.0 

2.29 

4.3 

7.0       • 

0.00 

0.0 

0.0        - 

2.29 

4.3 

7.0 

132  4    - 

28 

5 

52.55 

-    33- 39 

63.4        ' 

2.10 

4  .  0 

6-3      - 

2.  38 

4.5 

7.  1       * 

4.4  8 

8.  5 

13.4 

1929    - 

33 

5 

51  .64 

•    31.35 

60.  7 

2.75 

5.4 

8.3       - 

0.12 

0.2 

0.4       • 

2.92 

5.  7 

9.3 

1934    - 

33 

5 

49.14 

«    30.43 

62.0       ' 

0.4  1 

0.  3 

1.3       » 

3.57 

7.3 

11.7       » 

3.93 

8.  1 

13.1 

1939    - 

43 

5 

51-36 

s    32.56 

63.4       ' 

0.27 

0.5 

0.3 

1.27 

2.5 

3.9       * 

1.54 

3.0 

4.  7 

1944    - 
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4.2        ' 
5.4 

4.10 
3.  17 

7.3 
6.  3 

12.3 
9.3 

32.67   64.0 
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2.64 

5.6 

8.1 

27 

52.61       * 

36.33 

69.1       « 

2.27 

4.3             6.2        * 

1.68 

3.2 
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TROPICAL    CYCLONE    RA I  N  FALL  —  WEST    PALM    EEACH 
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0.94 

1  .  7 

2.6 

*       3.61 

69.25 

*    48.66 

70.3 

3.51 

5.  1 

7.2 

-       3.17 

63.25 

5    36.92 

53.4 

•       0.00 

0.0 

0.0 

*       1.04 

56.93 

*    31.10 

54.6 

»       0.00 

0.0 

0.0 

•       1.86 

63.33 

•    37.80 

59.2 

4.02 

6.3 

10.6 

<      1.65 

59.36 

-    37.12 

62.5 

»        1.29 

2.2 
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JUNE    RAIHFALL--ALL    STATIONS 


HO     YRS 

HE  AN      < 

TOTAL 

IIURRI  C 

AtlE        * 

TROP 

STORM 

* 

HURR 

£.    TS 

DA7 

ES 

RECORD 

RAIN 

MEAN 

!;     ANN 

MEAN 

S    HO    « 

MEAN 

'.;    MO 

I 

MEAN 

i    MO 

1319 

-     23 

5 

52.97 

6.8 

12.9 

0.0 

0.0     « 

0.0 

0.0 

' 

0  .0 

0.0 

1924 

-     28 

5 

55.26       • 

7.0 

12.1. 

0.0 

0.0     « 

0  .0 

0.0 

0.  0 

0.0 

I32S 
193!) 

-  33 

-  3b 

5 
5 

57. '.7 
53.40 

8.2 

9.0 

Hi. 3 

16.9 

0.0 
0.0 

0.0     * 

0.0     * 

0  .0 

1  .2 

0.0 
12.9 

0.0 
1  .2 

0.0 
12.9 

1333 

1341* 

-  ".3 

-  i(8 

5 
5 

54.75 
57.  <t  2 

9.0 
8.  1 

16.5 
14.  1 

0.0 
1  .3 

0.0     » 

16.1   * 

0.0 

0  .0 

0.0 
0.0 

I 

0.  0 
1  .3 

0.0 
16.1 

1Sh5 

-    53 

5 

53.63 

6.6 

12.3 

0.0 

0.0     * 

0.0 

0.0 

' 

0.0 

0.  0 

195I1 

-    SB 

5 

53.  19 

7.0 

13.  1 

0.0 

0.0     * 

0.0 

0.0 

* 

0  .  0 

0.0 

1959 

-    63 

5 

56. '1  8 

9.  1 

16.2 

0.0 

0.0     » 

1  .6 

17.2 

- 

1  .  6 

1  7.2 

1  Sfe1- 

-    63 

5 

53.06 

10. e 

20.2 

0.8 

6.9  * 

2  .  1 

19.0 

" 

2.8 

25.9 

1969 

-    73 

5 

53.23 

3. 1 

15.3 

0.0 

0.0     » 

0.  3 

0.  0 

* 

0.0 

0.0 

1  9  71* 

-     78 

5 

1)8.65 

8.2 

16.9 

0.0 

0.0    * 

1  .3 

16.4 

1  .  3 

16.4 

1915 

-    !,0 

30 

55.38 

e.o 

111. 5 

0.2 

2.7    s 

0.2 

2.l| 

* 

0.4 

5.1 

1943 

-    73 

30 

53.  U 

8.3 

15.6 

0.  1 

1.5    * 

0.3 

10.3 

* 

1  .0 

11.5 

TABLE    25 


JULY    RAINFALL— ALL    STATIONS 


1934  - 

3  8 

1939  - 

43 

1944 

48 

1949 

53 

1954 

53 

IS59 

63 

1964 

63 

1969 

n 

1974 

7i 

1919 
1949 

45 

78 

1319 

75 

7.6 

3.4 

14.3 
14.9 

7.  1 

13.4 

9.0 
7.5 
6.9 

15.7 
U.o 

13.0 

POP 

STORM 

* 

HURR 

t     TS 

EA!I 

•»    MO 

- 

MEAN 

i   m 

0.0 

0.0 

• 

0.0 

0. 

0.0 

0.0 

* 

0.4 

0.0 

0.0 

- 

0.6 

9. 

0.4 

6.0 

* 

0.6 

9. 

0.0 

0.0 

- 

0.0 

0. 

TABLE    26 


AUGUST    RAINFALL  —  ALL    STATIONS 


RECORD        RAIL 


1919 

23 

1924 

23 

1329 

u 

1534 

38 

1339 

43 

1941. 

1549 

53 

1354 

50 

1359 

63 

1364 

hi 

1369 

n 

1974 

78 

1913 

48 

1549 

-    78 

7.  3 
5.3 
7.0 
7.3 


11  .6 

15.3 
12.6 


13.3 
14.1 
13.3 


0.  0 
0.4 

0.0 

0.9 
0.0 
0  .0 
0.3 
0.0 
0.0 


0.6 

0.7 
0.5 


5.6 
4.  1 

4.6 


0.6 
0.2 
0.5 


9.0 
2.5 
7.2 


59 


TABLE    27 


SEPTEMBER    RA I N FALL-- ALL    STATIONS 


NO    YRS 

MEAN 

» 

TOTAL              ' 

HURP. 

CANE        * 

TP.  OP 

STORM    * 

M  t  R  R 

t    TS       » 

DATES 

RECORD 

RAIN 

* 

MEAN 

%     ANN     * 

he  Ati 

'»     HO     * 

H  E  AN 

'.    MO    * 

HE  AN 

%     MO     * 

1515    - 

23 

5 

52.97 

6.7 

12.6       « 

0.5 

7.3    » 

0.0 

0.0     * 

0.5 

7.8    * 

1924    - 

23 

5 

56.26 

7.3 

13.9       * 

0.7 

1  .  3 

16.7     s 

Z  .0 

25.7    * 

1923    - 

33 

5 

57.47 

ft 

9.  1 

15.3       * 

2.  1 

23.1     - 

0.5 

5.7     * 

2.6 

28.8    * 

1934    - 

38 

5 

53.  "10 

* 

7.7 

14.4       » 

1  .2 

15.0    * 

0.0 

0.0     * 

1  .  2 

15.0    * 

1939    - 

43 

5 

54.75 

* 

7.5 

13-7       * 

0.0 

0.0    « 

0.3 

4.6     « 

0  .  3 

4.6    * 

194  4    - 

1.8 

5 

57.42 

* 

10.5 

16.2       * 

3.  3 

31.8  * 

1  .0 

9.7    * 

4.  3 

41  .5    « 

1949    - 

53 

5 

53.63 

* 

8.  1 

15.1       * 

0.8 

9.5    * 

0.0 

0.0    ' 

0  .8 

9-5    * 

1951.    - 

53 

5 

53.  19 

* 

7.0 

13.2       • 

0.0 

0.0     * 

0.0 

0.0     * 

0  .0 

0.0    * 

1959    - 

63 

5 

56.48 

* 

9.9 

17.5       s 

1  .0 

10.4     s 

0.3 

6.5     - 

1  .9 

18.9    * 

1964    - 

63 

5 

53.66 

A 

6.8 

12.6       s 

0.6 

9.5    * 

0.  1 

1.1     * 

0.  7 

10.6    * 

1369    - 

73 

5 

53.23 

* 

6.3 

11.8       * 

0.0 

0.0    * 

0.5 

8.0    * 

0.5 

8.0    * 

1974    - 

78 

5 

48.65 

* 

6.7 

13.3       • 

0.0 

0.0    * 

0.0 

0.0     * 

0  .0 

0.0    * 

1919    - 

1.8 

30 

55.38 

l 

8.2 

14.8       * 

1.3 

15. s    * 

0.5 

6.5    » 

1  .  8 

22.3    * 

191,9    - 

78 

30 

53.14 

* 

7.5 

14.0       * 

0.4 

5.5    - 

0.2 

3.2    * 

0.  6 

8.6    * 

1919    - 

78 

60 

54.26 

» 

7.3 

14.4       * 

0.9 

10.9    * 

0.4 

4.9    * 

1  .2 

15.8    * 

TABLE    2< 


OCTOBER    RAINFALL--ALL    STATIONS 
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MEAN  RAINFALL    1919-1978 

IN    INCHES 

THE  SOUTH   FLORIDA 
WATER   MANAGEMENT  DISTRICT 

FIGURE   5 


MEAN  RAINFALL   1919-1976 
HURRICANES  AND  TROPICAL  STORMS 
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HURRICANES   a 
TROPICAL   STORMS 


MEAN  RAINFALL    1919-1978 

IN    INCHES 

THE   SOUTH   FLORIDA 
WATER   MANAGEMENT  DISTRICT 


FIGURE    6 


MEAN  RAINFALL   1 9 1 9~ 1 9  7  B 
HURRICANES  &  TROPICAL  STORMS   AND   ANNUAL 
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inches  or  15.3  percent  for  September  and  1.0  inch  or  19.7 
percent  for  October. 

The  above  figures  correspond  closely  to  the  findings  of 
Cry  (1967)  for  this  region  for  1931  through  1 9  60 .   The 
present  study,  however,  provides  more  detail  regarding  South 
Florida.   Cry  treated  the  entire  eastern  and  southern  coasts 
of  the  United  States  and  used  data  from  only  four  stations 
in  South  Florida:   Bartow,  Belle  Glade,  Homestead,  and  Key 
West. 

Although  data  for  individual  storms  may  at  times  reveal 
quite  high  amounts  of  rainfall,  such  as  12.50  inches  on  June 
14,  1936,  at  Everglades  City  and  18.75  inches  for  June  14 
and  15  combined  at  the  same  station,  incidences  of  very  high 
rainfall  associated  with  tropical  cyclones  are  in  fact 
relatively  rare.   In  most  years  little  or  no  rainfall 
attributable  to  tropical  cyclones  falls  at  any  given 
station.   When  years  of  low  tropical  cyclone  rainfall  are 
averaged  with  the  years  of  very  high  rainfall,  the  resulting 
mean  is  far  lower  than  the  few  high  values  would  seem  to 
indicate.   The  rainfall  which  resulted  from  the  hurricane  of 
June  14  and  15,  1936,  equaled  34.9  percent  of  the  sixty-year 
annual  mean  for  that  station  and  28.6  percent  of  the  total 
65.52  inches  which  fell  in  that  year.   Both  of  these 
percentages  are  much  higher  than  the  7.7  percent  per  year 
long  term  mean  for  combined  hurricane  and  tropical  storm 
rainfall  at  that  location. 
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Possible  Indications  of  Climatic  Change 

Examining  the  temporal  frequency  of  tropical  cyclones 
(Table  29)  and  the  amount  of  rain  which  they  have  brought 
during  each  of  the  sixty  years  under  study  (Table  30  and 
Figure  7)  discloses  that  no  rain  from  hurricanes  fell  during 
the  last  ten  years  of  the  study  period.   A  similarly  long 
time  without  hurricanes  occurred  in  the  mid-1950s,  including 
a  five-year  interval  from  195^  through  1953  in  which  neither 
hurricanes  nor  tropical  storms  influenced  the  area.   Another 
interval  of  low  hurricane  activity  is  found  from  1937 
through  19^3,  and  a  time  of  no  tropical  storms  is  found 
during  the  first  six  years  of  the  study  period. 

Although  temporal  patterns  may  not  be  apparent  to  the 
eye,  a  time  series  analysis  of  rainfall,  carried  out  by 
Isaacs  (1930)  for  eight  Florida  cities,  including  three 
stations  used  in  the  present  study,  found  that  rainfall 
cycles  could  be  identified  and  that  peak  rainfall  years  were 
closely  associated  with  tropical  weather  systems.   Isaacs 
observed  cyclical  periodicities  for  rainfall  of  7.5  years 
for  Fort  Myers,  5.0  years  for  Fort  Lauderdale,  and  5.0  to 
5.5  years  for  Orlando. 

Correlations  of  seasonal  and  annual  rainfall  with 
tropical  cyclone  rainfall,  and  with  number  of  tropical 
cyclones  per  year  (Table  31)  demonstrate  that  significant 
relationships  can  be  found  between  the  occurrence  of 
tropical  cyclones  and  the  amount  of  rain  which  falls  in  a 
given  year.   Thus,  if  a  tendency  for  fewer  tropical  systems 
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to  strike  the  region  can  be  verified,  there  should  be  a 
concomitant  decrease  in  overall  rainfall. 

Evidence  for  climatic  variation  is  found  in  the 
differences  observed  in  mean  rainfall  for  the  first  thirty 
years  compared  to  the  last  thirty  years.   A  t-test  (Table 
32)  has  been  applied  to  the  pairs  of  thirty-year  samples  in 
order  to  determine  if  the  observed  differences  were  the 
result  of  random  chance.   Total  annual  rainfall,  rain  from 
hurricanes  and  combined  rain  from  hurricanes  and  tropical 
storms  are  all  found  to  be  significantly  lower  during  the 
second  thirty-year  interval. 

The  differences  between  these  means  and  the 
aforementioned  close  association  between  total  rainfall  and 
the  occurrence  of  tropical  systems  strongly  suggest  that 
there  was  a  tendency  for  less  rain  to  fall  in  South  Florida 
during  the  last  thirty  years  and  that  the  decrease  is 
closely  related  to  a  decline  in  hurricane  activity.   The 
difference  between  the  annual  means  for  the  two  intervals  is 
2.24  inches  and  the  difference  between  the  hurricane  season 
means  is  .96  inches.   The  1.60  inch  drop  in  rainfall  from 
hurricanes  during  this  period  accounts  for  more  than  the 
amount  by  which  seasonal  rainfall  declined  and  most  of  the 
decline  in  annual  rainfall.   The  decline  in  hurricane 
rainfall  was  so  much  greater  than  the  slight  increase  in 
tropical  storm  rainfall  that  it  makes  a  significant  decline 
in  comb i nee  hurricane  end  tropical  storm  rainfall.   A 
similar  pattern  is  found  for  mean  rain  per  storm  (Table  33). 
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TROPICAL  CYCLONE 


TABLE  30 
RAINFALL  BY 


YEAR--ALL  STATIONS 


ANNUAL 

*  HURR. 

*  (JUNE 

SEASON 
-    OCT) 

, 

• 

HO    YRS       TOTAL 

HUR 

RICA1IE 

RA  1  N 

-           TROP 

ST0R1 

RAIN 

4          HURR 

♦     TROP 

.     ST. 

DATES         RECORD         RAIN 

4    TOTAL 

%     ANN 

TOTAL 

i  Ann 

i    SEA 

*     TOTAL 

;.  an  n 

'.:   sea 

-     TOTAL 

8     ANN 

i    SE/ 

1919 

55.02 

«    28.49 

51. b 

0.92 

1.7 

3.2 

*        0.00 

0.0 

0.0 

*       0.32 

1.7 

3.2 

1920 

5*.*3 

>    32.72 

60.0 

1.67 

3.  1 

5.  1 

'        0.00 

0.0 

0.0 

»       1.67 

3.  1 

5.  1 

1921 

1.7.  13 

*    29.39 

63.4 

2.66 

6.  1 

5.6 

«        0.00 

0.0 

0.0 

4       2.  86 

6.  1 

5.6 

1922 

55.81 

*    44.  10 

75.0 

0.00 

0.0 

0.0 

i       0.00 

0.0 

0.0 

4       0.00 

0.0 

0.0 

1  923 

1.9.1. 1 

»    32.90 

66.6 

0.00 

0.0 

0.0 

4       0.00 

0.0 

0.0 

<       0.00 

0.0 

0.0 

192* 

63.61. 

*    43.69 

63.7 

6.24 

9.8 

14.3 

*       0.00 

0.0 

0.0 

*       6.24 

9.8 

14.3 

1925 

58.36 

«    28.33 

46.5 

0.00 

0.0 

0  .0 

4    3.56 

6.  1 

12.6 

*       3.56 

6.  1 

12.6 

1926                   1 

61  .90 

»    40.99 

66.2 

3.29 

5.3 

8.0 

*      6.53 

10.6 

15.9 

-       9.87 

15.9 

24.0 

1927 

39.6". 

4    30.44 

76.8 

0.00 

0.0 

0.0 

*      0.00 

0.0 

0.0 

*     0.00 

0.0 

0.0 

1928 

57.78 

4    43.71 

75.6 

6.  18 

14.2 

IS. 7 

*      3.16 

5.5 

7.2 

4    11.34 

19.6 

25.9 

1929 

53.53 

•    43.40 

72.8 

4.33 

7.3 

10.0 

*     0.00 

0.0 

0.0 

*     4.33 

7.3 

10.0 

1930 

66.8<i 

*    38.06 

56.9 

0.00 

0.0 

0.0 

4    2.61 

3.3 

6.9 

4       2.61 

3.9 

6.9 

1931 

4S.0* 

*    25.32 

52.7 

0.00 

0.0 

0.0 

»       0.00 

0.0 

0.0 

*       0.00 

0.0 

0.0 

1932 

53.16 

•    33.54 

63.1 

0.00 

0.0 

0.0 

4      3.72 

7.0 

11.1 

4       3.72 

7.0 

11.1 

1533 

59.72 

*    41.26 

63.1 

12.34 

20.  7 

29.3 

*       0.00 

0.0 

0.0 

*     12.34 

20.7 

25.3 

1  934 

54.31 

*    32.31 

58.9 

0  .00 

O.O 

0  .0 

*    2.74 

5.0 

B.5 

'-       2.74 

5.0 

6.5 

1335 

51.57 

*    37.11 

72.0 

8.53 

12.7 

17.6 

*       0.00 

0.0 

0.0 

4      6.53 

12.7 

17.6 

1936 

63.27 

*    3S.27 

60  .5 

1.07 

1.7 

2.8 

*       6.76 

10.7 

17.7 

4      7.83 

12.4 

20.5 

1937 

56.53 

«    35.06 

62.1 

>       0.00 

0.0 

0.0 

5      2.66 

4.7 

7.6 

4      2.63 

4.  7 

7.6 

1938 

1.0.32 

*    29.23 

71.7 

'       0.00 

0.0 

0.0 

*        3.02 

7.4 

10.3 

4      3.02 

7.4 

10.3 

1939 

54.Hl 

*    39.94 

73.3 

'       1.75 

3.2 

4.4 

*       0.00 

0.0 

0.0 

4       1.75 

3.2 

4.  4 

1  9  JiO 

53.01 

*    36.27 

62.5 

»       0.00 

0.0 

0.0 

4    1.34 

2.3 

3.7 

4       1.34 

2.3 

3.  7 

1941 

60.21. 

*    34.60 

57.4 

0.53 

0.9 

1  .5 

*       4.12 

6.8 

11.9 

4       4.65 

7.7 

13-4 

1342 

32.32 

«    29.40 

56.3 

0.00 

0.0 

0.0 

*       O.OO 

0.0 

0.0 

4       0.00 

0.0 

0.  0 

1543 

1.3.06 

4    33.89 

69.1 

0.00 

0.0 

0.0 

*       O.OO 

0.0 

0  .0 

4      0.00 

0.0 

0.0 

1944 

1.5.73 

4    33.15 

72.5 

5.35 

n.7 

16.1 

*       0  .00 

0.0 

0.0 

4       5.35 

11.7 

16.1 

191.5 

53.65 

*    42.74 

79.7 

»    11.00 

20.5 

2  5.7 

*    2.56 

4.8 

6.0 

4    13.56 

2  5.3 

31  .  7 

191.6 

51.13 

*    33.58 

65.7 

«       1.48 

2-9 

4  .  4 

4       1.57 

3.1 

4.7 

4       3.06 

6.0 

9.  1 

1  3^7 

78.  10 

4    52.78 

67.6 

«    8.23 

1-.5 

1,-6 

4      4.58 

5.9 

6.7 

*    12.61 

16.4 

24.  3 

l<48 

55.1(6 

4    40.60 

t;.  4 

*  10.03 

17.2 

24.7 

■■       0.00 

CO 

0.0 

4    10.03 

17.2 

■4.7 

1549 

53.31 

*    41 .08 

76.3 

*      4.53 

5.4 

1  1  .0 

*       0.00 

0.0 

0.0 

»      4.53 

8.4 

11.0 

1  =50 

1.5.88 

»    33.31 

73.7 

•       9.56 

20.5 

25.3 

'-       0.00 

0.0 

0.0 

4      9.56 

20.  8 

28.3 

1951 

50.09 

*    35.06 

70.0 

>       0.19 

0.4 

C.5 

-    4.72 

9.4 

13.5 

•       4. SI 

5.8 

14.0 

'952 

52.82 

!  3f,9I 

63.0 

»       0.00 

0.30 

s        0.00 

0.0 

0.0 

*    K57 

3.0 

1  "  .  4 

4.4 

*       I'V 

3-0 
13.4 

4.  4 
19.1 

1954 

57^22 

*  34.90 

61.0 

0.0 

0.0 

*       0.00 

0.0 

0.0 

*       0.00 

0.0 

0.0 

1955 

1.2.99 

«  29.94 

69.6 

«       0.00 

0.0 

0.0 

•       0.00 

0.0 

0.0 

4       0.00 

0.0 

0.0 

1956 

1.2.68 

«  31 .44 

73.7 

»       0.00 

0.0 

0.0 

*       0.00 

0.0 

0.0 

4       0.  00 

0.0 

0.0 

1557 

62.76 

*    35.41 

56.4 

»       0.00 

0.0 

0.0 

*       0.00 

0.0 

0.0 

*       0.00 

0.0 

0.0 

1358 

60.2  8 

-    23.50 

47.3 

«       0.00 

0.0 

0.0 

*       0.00 

0.0 

0.  0 

4       0.00 

0.0 

0.0 

1959 

73. 45 

«    45.01 

65.4 

»      3.44 

4.7 

7.2 

1      7.86 

10.7 

16.4 

4   11.30 

15.4 

23.5 

1960 

65.60 

*    46.07 

70.2 

•      5.14 

7.8 

11.2 

4       4.20 

6.4 

9.  1 

4    9.34 

14  .  2 

20. 3 

1961 

39.1.1. 

*    24.00 

60.8 

»       0.00 

0.0 

0.0 

4       0.00 

0.0 

0.0 

4       0.  00 

0.0 

0.0 

1962 

51  .66 

«    33.09 

73.7 

»       0.00 

0.0 

0.0  . 

-     0.92 

1  .8 

2.4 

4       0.92 

1  .  8 

2.4 

1363 

52.2  3 

*   29.70 

56.9 

»       0  .00 

0.0 

0.0 

*       0.00 

0.0 

0.0 

*       0.00 

0.0 

0.0 

1561. 

50. 12 

4    32.00 

63.9 

*      5.03 

10.0 

15.7 

*    1.96 

3.9 

6.1 

4       6.99 

13.9 

21  .8 

1365 

50.04 

*    37.48 

74.9 

•       1.77 

3.5 

4.7 

*       0.00 

0.0 

0.0 

4       1.77 

3.5 

4.7 

1966 

60.  49 

*    39.78 

65.8 

-■       4.65 

7.  7 

11.7 

*       0.00 

0.0 

0.0 

4      4.65 

7.7 

11.7 

'967 

46.61 

4    36.50 

7a. 3 

«       0.00 

0.0 

0  .0 

»     0.36 

0.8 

1 .0 

4      O.36 

0.8 

1  .0 

1568 

61.03 

«    44. 22 

72.5 

*      3.  10 

5.  1 

7.0 

«    S.26 

15.2 

20.9 

4    12.35 

20.2 

27.9 

1969 

65.13 

*    42. 78 

65.6 

•       0.00 

0.0 

0.0 

*       2.92 

4.5 

6.8 

4      2.92 

4.5 

6.8 

1  370 

50.37 

*    28.25 

56.1 

4       0.00 

0.0 

0.0 

*       1  .60 

3.2 

5.7 

*       1.60 

3.2 

5.7 

2.8 

1971 

46.21 

*    34.06 

73.7 

^       0.00 

0.0 

0.0 

4       0.96 

2.  1 

2.8 

4       0.36 

2.  1 

1972 

52.18 

*    29.02 

55.6 

t       0.00 

0.0 

0.0 

*      0.33 

0.6 

1  .  1 

4       0.33 

0.6 

1  .  1 

1  973 

52.22 

*    34.29 

65.7 

*     0.00 

0.0 

0.0 

4       0.00 

0.0 

0.0 

4       0.00 

0.0 

0.  0 

1971. 

49.62 

«   37.75 

76.1 

«       0.00 

0.0 

0.0 

*    6.94 

14.0 

IS. 4 

4      6.94 

14,0 

13.4 

1975 

1             45.37 

*   33.22 

73.2 

»       0.00 

0.0 

0.0 

*      0.53 

1  ,2 

1  .6 

4      0.53 

1  .2 

1  .6 

1976 

1             47.25 

*    28.63 

60.7 

*       0.00 

0.0 

0.0 

»      2.34 

5.0 

8.2 

4      2.34 

5.0 

8.  2 

1377 

1             48.48 

»    30.00 

61.9 

*       0.00 

0.0 

0.0 

«       0.00 

0.0 

0.0 

4       0.00 

0.0 

0.  0 

1978 

52.55 

4   31 .00 

53.0 

*       0.00 

0.0 

0.0 

*       0.00 

0.0 

0.0 

4       0.00 

0.0 

0.0 
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FIGURE     7 
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TABLE  31 
CORRELATION  COEFFICIENTS 

60  YEARS,    13  STATIONS 


SEASON  RAIN 
HURRICANE  RAIN 
TROPICAL  STORM  RAIN 
HURRICANE  +  TROP.  STORM 
HURRICANE  RAIN 
TROPICAL  STORM  RAIN 
HURRICANE  +  TROP.  STORM 
NUMBER  OF  HURRICANES 
NUMBER  OF  HURRICANES 
NUMBER  OF  TROP.  STORMS 
NUMBER  OF  TROP.  STORMS 
NUMB.  OF  HURR.  +  TROP. 
NUMB.  OF  HURR.  +  TROP. 


CRITICAL  VALUE  OF  R: 
at  0.05  Confidence  Level  =  .25 
at  0.01  Confidence  Level  •  .33 

*  =  Sin.  at  0.0!  Leve 1 
All  are  significant  at  0.05  Level 


0.73" 

0 .  54 

0.28 

0.08 

0.48* 

0.23 

RAI  N 

0.52* 

0.27 

0.52* 

0.27 

0.46* 

0  .  22 

RAIN 

0.69  •■'•• 

0.48 

0.25 

0.06 

0.39" 

0.  16 

0.37* 

0.14 

0.  34* 

0.12 

STORMS 

0.45* 

0.29 

STORMS 

0.5*1* 

0.29 

TABLE 
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t-TESTS 

OF    RAINFALL 

DATA-- 

ALL    STATIONS 

1919 
MEAN 

-    48 
S.D. 

1949 

MEAN 

-    78 

S.D. 

t 

ANNUAL 
SEASONAL 
HUP.RI  CANE 
TROP.     ST. 
HURR.     +    T . S . 

55-33 

36.20 

2.  Co 

1.63 

4.43 

7.72 
6.19 
3.81 
2.07 
4.22 

53.  14 

35.24 

1  .25 

1  .84 

3.09 

8.00 
6.03 
2.37 
2.86 
3.89 

3.07- 
1.51 

4.06* 
-0.48 
2.76* 

CRITI CAL  VALUES  OF  t : 
0.05  Confidence  Level  =  2.04 
0.01  Confidence  Level  -  2.75 

*  -  Significant  at  .01  Level 


TABLE    33 


INCHES    OF     RAINFALL     PER    TROPICAL     CYCLONE 

1919-48  1949-78  1919-75 


HURR.  RAIN  /  NO.  OF  STORMS 
TR.  ST.  RAIN  /  NO.  OF  STORMS 
HURR.     +    T.S.     /     NO.     OF     STORMS 


3.18 

2.55 

3  .  00 

2.33 

2.40 

2.37 

2.81 

2.51 

2.63 
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Rainfall  per  hurricane  has  declined  while  rainfall  per 
tropical  storm  has  risen  but  by  a  lesser  amount. 

Hebert  ( 1 9 80 )  has  observed  that  in  the  absence  of 
tropical  weather  systems,  other  atmospheric  conditions,  such 
as  a  shift  in  upper  air  currents,  may  produce  periods  of 
rainfall  greater  than  that  which  occurs  during  years  of 
tropical  cyclones.   This  research  has  shown  Hebert's 
statement  to  be  correct  although  it  is  also  valid  to  state 
that  years  in  which  tropical  cyclones  strike  generally  tend 
to  be  wetter  than  years  when  the  great  storms  do  not 
influence  the  region. 

Paradoxically,  although  years  of  tropical  cyclone 
activity  tend  to  be  wetter  than  years  without  the  great 
storms,  the  principal  difference  in  rainfall  seems  to  be 
during  the  non-hurricane  season  months.   In  spite  of 
statistically  significant  drops  in  hurricane  rainfall  and 
combined  hurricane  and  tropical  storm  rainfall  during  the 
second  half  of  the  study  period,  hurricane  season  rainfall 
did  not  decline  significantly.   Thus,  Hebert's  observation 
of  other  causes  taking  the  place  of  tropical  cyclone 
rainfall  may  be  true  during  hurricane  season  but  perhaps  not 
acceptable  for  the  entire  year.   This  finding  may  be  a  clue 
to  evidence  which  could  link  the  occurrence  of  tropical 
cyclone  activity  with  other  features  of  the  atmosphere  which 
may  be  associated  with  rainfall  during  the  months  of 
November  through  May.   The  observation  of  such  complexities 
in  the  mechanisms  which  influence  weather  is  another  example 
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of  why  it  is  important  to  know  in  advance  what  effects 
weather  modification  may  have  and  how  difficult  it  is  to 
ascertain  those  effects. 


CHAPTER  6 
WATER  FROM  TROPICAL  CYCLONE  RAINFALL 

Only  part  of  the  water  that  falls  as  rain  can  be 
saved  for  later  use.   Some  •rainfall  infiltrates  the  ground 
immediately  while  the  remainder  may  be  ponded  for  several 
days  before  soaking  in  or  stay  on  the  surface  until  it  flows 
out  of  the  area  or  evaporates.   Some  water  that  soaks  into 
the  ground  will  return  to  the  surface  as  seepage  into  lakes 
and  streams  or  may  pass  directly  to  the  atmosphere  by 
evapotranspi  ration. 

Estimates  of  the  amount  of  water  available  from 
tropical  cyclones  are  obtained  by  multiplying  the  depth  of 
rainfall  from  these  storms  by  the  areas  of  polygons  which 
have  been  defined  around  each  weather  station,  and 
calculating  how  much  of  the  total  water  could  have  entered 
the  ground  or  remained  in  surface  storage  in  each  polygon. 
An  estimated  quantity  of  water  that  would  be  lost  to 
evapo t ran sp i ra t i on  is  then  deducted  from  the  sum  of  ground 
and  surface  water  storage  in  order  to  obtain  the  net  amount 
of  new  water  available  from  hurricanes  and  tropical  storms 
for  a  year  of  average  rainfall. 
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Methodology  for  Estimating  Infiltration 
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Many  factors  affect  the  rate  and  volume  of 
infiltration.  Some  of  the  more  important  considerations  are 
topography,  ground  cover,  porosity,  permeability,  and  the 
amount  of  water  already  occupying  potential  storage  space. 
Numerical  models  have  been  designed  to  estimate  the  amount 
of  runoff  that  occurs  in  specific  watersheds,  including  some 
parts  of  the  South  Florida  Water  Management  District 
(Shahane,  Berger,  &  Hamrick,  1977),  (Shahane  6  Hamrick, 
19  7^),  (Shih,  1976).  Ho    comprehensive  model  of  infiltration 
is  available,  however,  for  the  Water  Management  District, 
therefore,  empirical  data  are  used  to  obtain  direct 
estimates  of  the  amount  of  increased  groundwater  storage 
resulting  from  tropical  cyclone  rainfall. 

The  procedure  for  estimating  the  amount  of  infiltration 
from  tropical  cyclones  is  that  of  determining  soakage  rates 
based  upon  the  relationships  between  sets  of  paired  data  for 
rainfall  and  rise  of  water  level  in  observation  wells,  and 
applying  those  rates  to  historical  rainfall  data  per  storm. 
Mean  depth  of  the  water  table  is  used  as  a  maximum  limit  to 
the  amount  of  groundwater  rise  allowable  for  the  rainfall 
from  each  storm  and  perennial  wetlands  are  assumed  to 
accommodate  no  increased  groundwater  storage. 

For  the  purpose  of  estimating  the  areas  over  which 
given  depths  of  water  were  spread,  the  South  Florida  Water 
Management  District  was  divided  into  nineteen  regions 
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(Figure  3,  Table  3^)  based  upon  the  weather  stations  used  in 
the  earlier  part  of  this  study.   Each  region  is  a  polygon 
that  is  drawn  so  that  any  point  within  it  is  closer  to  the 
weather  station  in  its  area  than  to  any  other  station 
(Theissen,  1911).   Rainfall  from  hurricanes  and  tropical 
storms  is  assumed  to  extend  uniformly  across  the  area  and  a 
mean  soakage  rate  is  calculated  for  each  polygon. 

Water  level  data  from  55  wells  (USGS,  1976-1972) 
(SFWMD,  1931)  are  used  (Figure  3,  Table  35).   Data  from  some 
wells  located  near  polygon  boundaries  are  used  to  calculate 
infiltration  for  two  or  three  polygons.   No  satisfactory 
well  data  could  be  obtained  for  two  polygons  with  very  small 
dry  areas  along  the  edge  of  the  Water  Management  District. 
Infiltration  estimates  for  these  areas,  in  the  vicinities  of 
Bartow  and  Punta  Gorda,  use  the  mean  soakage  function  for 
two  other  nearby  polygons. 

Initial  plans  called  for  subdividing  the  polygons  into 
smaller  areas  around  each  well  site  based  upon  differences 
in  ground  porosity.   This  was  not  possible  because  no 
porosity  data  were  available.   According  to  Kreitman  (  1  9 8 1 )  , 
Director  of  Groundwater  Division,  SFWMD,  the  porosity  of 
these  wells  has  not  been  studied.   Kreitman  also  commented 
that  if  such  data  were  available  they  would  yield  misleading 
results  because  the  antecedent  moisture  conditions  above  the 
water  table  before  each  storm  would  not  be  known.   He  stated 
that  the  South  Florida  Water  Management  District  and  the 
United  States  Army  Corps  of  Engineers  have  found  that  one 
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inch  of  water  will  occupy  about  six  inches  in  the  ground. 
This  one-to-six  ratio  indicates  that  newly  infiltrated  water 
occupies  only  about  seventeen  percent  of  the  ground  volume 
in  a  region  that  Kreitman  estimates  to  have  an  average 
porosity  between  twenty  and  thirty  percent. 

Initial  research  design  also  specified  that  tropical 
cyclone  rainfall  data  compiled  earlier  would  be  used  to 
compute  infiltration  rates.   Very  little  of  those  data  are 
useful  for  this  operation,  however,  because  records  for  most 
observation  wells  begin  in  the  early  to  mid-1970's,  allowing 
little  overlap  between  the  times  of  tropical  cyclone 
rainfall  in  South  Florida  and  the  time  for  which  well  data 
are  available. 

The  rainfall  data  used  to  compute  infiltration  rates 
are  of  two  types.   First,  times  of  widespread  heavy  rainfall 
emanating  from  large  weather  systems  are  used.   Because  of 
the  distances  between  many  wells  and  the  nearest  rainfall 
gauge,  only  storms  which  dropped  rain  over  large  contiguous 
areas  can  be  used  and  isolated  thunder  showers  are    avoided. 
This  information  is  supplemented  by  data  from  combination 
well  and  rain  gauge  installations  where  well  level  and 
rainfall  are  recorded  continuously  on  the  same  roll  of 
paper.   Data  of  this  type,  however,  are  available  for  only  a 
small  part  of  the  Water  Management  District. 

An  S-shaped  soakage  function  was  expected  because  small 
amounts  of  rain  would  be  insufficient  to  penetrate  to  the 
water  table  and  very  large  amounts  of  rain  would  saturate 


the  ground  so  that  no  additional  water  could  be  stored. 
The  data,  however,  do  not  indicate  an  S-shaped  curve. 
Scattergrams  of  paired  rainfall  and  well  data  for  all 
polygons  and  for  combination  sites  indicate  a  linear 
increase  in  the  amount  of  soakage  associated  with  increased 
rainfall:  therefore,  linear  regression  is  used  to  calculate 
i  nf i 1 tra  t  i  on  ra  tes . 

Methodology  for  Estimating  Impoundable  Surface  Water 


Certain  parts  of  the  South  Florida  Water  Management 
District  contain  dikes  which  enclose  reservoirs  that  are 
used  to  store  surface  water.   These  consist  primarily  of 
Lake  Okeechobee  and  three  Conservation  Areas  southeast  of 
the  lake  (Storch,  1973).   Any  rain  which  falls  on  to  one  of 
these  reservoirs  or  their  watersheds  could  potentially  be 
caught  and  stored  in  these  or  other  closed  depressions  at 
upstream  locations,  if  the  available  storage  capacity  is  not 
already  full.   Outside  of  these  areas,  most  rain  falls  in 
places  where  it  is  not  feasible  to  retain  large  quantities 
of  water  for  later  use  or  in  locations  from  which  it  cannot 
be  transported  to  areas  where  it  may  be  needed. 

In  order  to  estimate,  the  amount  of  impoundable  surface 
water,  the  area  of  the  reservoirs  and  their  contributing 
watersheds  is  measured  for  each  polygon  and  the  resulting 
figure  is  multiplied  by  the  depth  of  rainwater  per  storm 
which  fell  at  the  central  weather  station  for  that  polygon. 
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Infiltration  which  would  have  occurred  in  the  dry  parts  of 
the  watersheds  is  then  deducted,  so  that  only  runoff  and 
ponded  water  are  included  in  the  net  impoundable  surface 
water  total.   It  is  assumed  that  adequate  storage  capacity 
will  be  available  to  retain  all  of  this  water,  but  there  may 
be  times  during  very  wet  seasons  when  all  reservoirs  will  be 
full  and  any  new  increment  of  rainfall  will  have  to  be 
allowed  to  flow  freely  to  the  sea. 

Methodology  for  Estimating  Evapo transpiration 


Rates  of  evapotranspi  ration  vary  greatly,  depending  on 
numerous  factors  such  as  temperature,  intensity  of  sunlight, 
humidity,  cloud  cover,  ground  cover,  windspeed,  growth 
cycles  of  vegetation,  and  the  amount  of  moisture  available 
(Storch,  1972).   It  is  not  possible  to  account  for  all  of 
the  variations  which  might  occur  in  different  parts  of  the 
study  area  at  any  given  time.   Generalized  estimates  of 
average  evapo t ran s p i ra t i on  are  therefore  used.   These 
estimates  are  obtained  by  dividing  potential  annual 
evapotranspi rat  ion  (Visher  S  Hughes,  1369)  by  mean  annual 
rainfall  to  determine  the  percentage  of  moisture  which  would 
be  lost  to  this  cause  during  an  average  year.   It  is  assumed 
that  these  rates  apply  equally  to  all  rainwater  that  falls 
during  the  year  regardless  of  time  or  source. 
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Estimates  of  Water  from  Tropical  Cyclone  Rainfall 


Analysis  of  various  aspects  of  the  amount  of  water 
available  from  hurricane  and  tropical  storm  rainfall  (Tables 
3b  and  37)  show  that  after  runoff  and  e vapo t ran s p i ra t i on  are 
considered,  relatively  little  water  remains  for  human 
consumption.   Some  polygons  have  very  small  perennially  dry 
surface  areas  and  much  of  the  Water  Management  District  has 
only  a  few  feet  of  storage  space  between  the  water  table  and 
the  ground  surface.   Water  remaining  in  the  ground  and  on 
the  surface  after  the  storm  has  passed  is  subject  to  high 
evapo t ran s p i ra t i on  rates  and  is  depleted  naturally  with  the 
passing  of  time,  without  human  consumption.   Although  under 
ideal  conditions,  given  the  rainfall  of  1913  through  19^8, 
it  may  be  possible  to  save  ^28,590  acre  feet  of  hurricane 
rainfall  per  year  in  the  ground  and  7  7^,100  acre  feet  in 
surface  reservoirs,  if  that  water  is  not  used  in  one  year, 
only  102,300  acre  feet  will  remain.   Using  rainfall  data 
from  13^9  through  1378,  only  7^,270  acre  feet  would  remain 
after  one  year. 

Estimates  of  rainwater  per  polygon  reveal  that  the 
areal  distribution  of  water  which  is  available  for  human  use 
after  the  passage  of  a  hurricane  or  tropical  storm,  is  not 
the  same  as  the  distribution  of  storm  rainfall.   Some 
polygons  may  receive  very  little  infiltration,  and  several 
which  have  no  impoundable  area  are  considered  to  have  no 
increase  in  surface  storage,  even  though  some  may  occur. 
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870.21 
2656.52 

59.5*    ' 

29.01     • 

44. IE     • 

3S51.33 
1723.32 
527*.71 

118.38    * 

57.**    * 
87.91    * 

3*0.93 

165.4* 
506.37 

11.36    • 

5.51    • 

a.**  • 

3ABI0U                               • 

1919   -    »8 

19*9    -    78 
1919    -    78 

'        153.0 

•  67.6 

•  226.6 

5.3 
2.3 

j. a 

33.96 

•  37.39 

*  121.35 

2.00    • 
1.25    ' 
2.02     • 

75.01 
30.22 
105.2* 

2.50     • 
1.01     • 
1.75    • 

158.57 
67.61 

226.58 

5.30    * 
2.25     * 
3.78    • 

16.85 
7.17 
2*. 02 

0.56    • 
0.2*    * 
0.40    * 

BELLE     CLAOC               • 

1919   -    »» 

19*3    -    78 
1919    -    78 

•  8*99.2 

•  335*. 3 
«    ia»5*.l 

233.3 
131.3 
207.6 

*  1290.35 

*  633. *0 
«    1323.75 

43.01     • 

21.11 

32.06 

5333.36 
2728.2* 
8662.21 

157.80    • 
90.9*    • 
1**.37    " 

722*. 31 

3361.6* 
10586.00 

2*0.81     • 
112.05    * 
176.43    • 

7«?.*5 
366.42 
1153.87 

26. 2S    • 
12.21     • 
19.23    • 

EVERCLAOES    CITT    • 

1919   -   *8 
19*9    -    70 
1919    -    73 

■       9505.8 
«      2562.3 
>    11063. 1 

233.5 

55.* 

•  187. *9 

•  66.36 

•  25*. 36 

6.25    ' 
2.23    • 

4.2* 

0.00 
O.OC 
0.00 

0.00    • 
0.00     • 
0.00    • 

187.49 

66.  36 
254.36 

6.25    ' 
2.23     * 
4.2*     • 

0.00 
0.00 
0.00 

.0.00    • 
0.00     * 
0.00    * 

FELLSflERE                    " 

1919  -  <a 

19*9    -    78 
1919    -    78 

>      1463.5 
•        632.2 
'      2100.7 

*9.0 
2  1.1 
35.0 

■      234.46 
•       122.03 
»       406. *9 

3.48    ' 

4.07 

6.77 

1050.20 
452.  16 
1502.36 

35.01    • 

15.07    • 
25.0*     ' 

133*.66 
574.20 
1908. 86 

**.*9    • 
19.1*    ' 
31.81    ' 

190.66 

82.11 
272.97 

6.36    • 
2.7*    « 
*.5S    « 

FORT    LAUDERDALE    " 

1919    -    *8 
19*9    -    78 
1919   -    70 

•  5775.1 

•  2236.8 

•  SOU. 9 

192.5 
74.6 
133.5 

•  1423.63 

•  583.72 

•  2012.40 

47.*6 
19.62 
53.5* 

2887.56 
1118.41 
*105.97 

96.25     • 
37.28    ' 
66.77    • 

4311.2* 
1707.13 
6013.37 

1*3.71    • 
56.90    « 
100.31    • 

754.47 
298.75 
1053.22 

25.15    « 

9.96    * 
17.55    « 

FORT    HTERS 

1919    -    '8 
1919    -    73 
1919    -    78 

>      3988.6 

■      13*6.5 
*      5335.1 

133.0 

4  4.9 
33.3 

«     11 1*. 11 
«       325.03 
*     1**0.00 

37.1* 
10.86 
24.00 

0.00 
0.00 
0.00 

0.00    • 
0.00    • 
0.00 

1114.11 
325.89 
1**0.00 

37.1* 
10.66    ' 
24.00 

0.00 
0.00 
0.00 

0.00    * 
0.00    • 
0.00    • 

FORT    PIERCE 

1919    -    *B 
19*9    -    78 
1319    -    73 

•       24E5.9 
»       1221.2 
«      3707.1 

32.9 
40.7 
61.8 

«       530.39 
•      296.47 
»      887. *6 

19.70 
3.88 
14.79 

0.00 
0.00 
0.00 

0.00 
0.00 
0.00 

590.59 
296.47 

887.46 

19.70 
9.88 
14.73 

42.55 
21.35 

63.90 

1.42     • 
0.71     » 
1.05    * 

HOMESTEAD 

1919   -   *8 
19*9    -    76 
1919   -   71 

•  6533.3 

•  2703.5 

•  9297.4 

219.3 
90.1 
155.0 

»      626.70 

•  268.5* 

*  895.2* 

20. 03 
8.95 
14.32 

653.33 

270.35 

>      329.7* 

21.93 
3.01 
15.50 

1286.10 
538.89 
162  4.98 

*2.87 
17.96 
30. *2 

169.76 
71.13 
2*0.90 

5.66    • 

2.37    • 
4.01     • 

1 SLEUORTH 

1919    -    '8 
19*9   -    7« 
1919    -    78 

•  637.6 

•  421.7 
«      1053.3 

21.3 
17!? 

•  2S9.18 
»       192.50 

•  481.63 

9.6* 
6.42 
8.03 

•  3*8. 40 

•  229.21 

•  577.61 

11.61 
7.6* 
3.63 

637.58 

421.71 
1059.29 

2  1  .25 

14.06 
17.65 

**.63 
29.52 
74.15 

l.*9    • 
0.98    • 

1.2*    • 

Kl  SSIHHEE 

1919    -    '8 
19*9   -    78 
1919    -    78 

«      1*16.7 
«      1765.0 
•      5181.7 

113.9 
58.8 
36.4 

•  1291.01 

•  668.50 
«    1959.50 

*3.0J 
22.28 
32.66 

'    2125.67 
>    1096. s5 
•    3222.21 

70.86 
36.55 
53-70 

3*16.67 
1765.0* 
5181.71 

113.89 

58.83 
86.36 

133.25 
68.8* 
202.09 

*.**    • 
2.29    • 
3.37    * 

LA    BELLE 

1319    -    48 
13*3    -    78 
1313    -    73 

•  58IJ.I 

•  1704.4 
«      7517.5 

193. 3 

56.3 
125.3 

•  42.65 
3          10.32 

•  53.45 

1  .42 
0.36 
0.89 

•  809. '* 

•  237.42 

•  10*6.37 

26.37 
7.31 
17.** 

851.79 
248.25 
1 100.0* 

23.39 
8.27 
18.33 

6.81 
1.99 
8.80 

0.23    • 

0.07    • 
0.15    • 

HI  AMI 

1919   -   48 
19*9    -    78 

-    1919    -    78 

«      3132.1 

*  2021.2 

*  5153.3 

104.4 
67.4 
85.3 

•      379.93 
»      232.56 
=      612.49 

12.66 

7.75 
10.21 

«    1**0.75 

•  929.77 

•  2370.52 

46.02 
30.55 
33.51 

1820.67 

•  1162.33 

•  2933.00 

60.69 
3B.7* 
*9.72 

174.78 

•  111.58 

•  286.37 

5.83    « 
3.72    • 
4.77    • 

HOORE    KAVEU 

1919    -    '3 

•    1945    -    71 

1319    -    78 

'       3522.2 

•  1117.2 

•  5733.* 

130.7 

60.6 
9S.7 

»      533.16 
«      297.46 
•      066.62 

19.6* 
9-32 
14.70 

•  2;52.46 

•  1065.47 

•  3*17.93 

78.42 
35.52 
56.37 

•  2941.62 

•  1362.92 
'      *30*.S* 

93.05 
*5.*3 
71.7* 

53.03 

•  27.26 

•  86.09 

1.96    * 

0.91    * 
1.*3    * 

Or.EECllOCEE 

1919    -    48 

•    13*3    -    7a 

1319    -    78 

•  5715-2 

•  2230.0 

«       79*5.2 

130.5 
74.3 
132.4 

=    1553.30 
'      705.06 
«    226  3.36 

51.34 
23.50 
37.72 

*  2442.36 

*  855.33 

*  32S". 29 

01.41 
28.53 
54.37 

•  4000.66 

•  1560.99 

•  5561.65 

133.36 

52.03 
92.65 

•  0.00 

•  0.00 

•  O.OO 

0.00    » 
0.00    * 
0.00    • 

ORLAHDO 

>    1313    -    18 

•  I9*>9    -    78 

•  1319    -    78 

•        633.1 

366.O 

5      1057.1 

23.0 
12.3 
17.6 

•  353. *2 

•  19  1.29 

•  5*9.71 

11.35 
6.33 

9,16 

•  330.67 

•  176.74 

•  507.41 

1  1  .02 
5. "3 
6.*6 

•  639.08 

•  368.03 

•  1057.12 

22.57 
12.27 
17.62 

>          42.03 

•  22.45 

•  64.48 

l.*0    * 
0.75    • 
1.07    « 

PUHTA    CORDA 

•  1919    -    * 

•  19*9   -    7 
'    1913    -    7 

«        352.1 

•  163.8 

*  521.3 

11  .7 
S.7 

8.7 

«          21.72 

*  10. 36 

•  32.08 

0.72 
0.  35 
0.53 

*  0.00 

*  0.00 

*  0.00 

0.00 
0.00 
0.00 

•  21.72 

•  10. 36 

•  32.08 

0.72 
0.35 
0.53 

•  0.00 

•  0.00 

•  0.00 

0.00    • 

0.00   * 

0.00     * 

UEST    PALH    BEACH 

«    1319    -    > 

•  13*3   -    7 

•  1919    -    7 

•       1608.0 
»        1500.2 
>      6183.2 

153.6 
52.7 
103.1 

•  957.65 

•  359.05 

•  1316.70 

31.92 

1  1.37 
21.94 

•  593.04 

•  205.43 
-       304.47 

15.57 

& .  S5 
13. *1 

•  1556.69 

•  S64.48 

•  2121.17 

51.89 

18.62 
35.35 

•  291 .  10 

•  105.56 

•  396.66 

9.70    • 
3.52     • 
6.61     • 

TOTAL 

•  1919    -    > 

•  19*9   -    7 

•  1919    -    7 

•  63638.5 

•  28733.1 

•  98*31.6 

2323.3 
957.8 
16*0.5 

•12357.80 
•    5861.62 
•18719. *0 

*28.59 
195.33 
311.33 

'23223. 10 
•10471  .60 
•33654.70 

774.  10 
3*3.05 
561.58 

"    36080.90 
"    16333.30 
•    52414.10 

1202.70 
544.4* 
873.57 

•  3068.96 

•  .1387.43 

•  4*56.38 

102.30    • 
46.25     • 
7*. 27    • 

See  note  following  Table  37. 
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WATER  FROM  TROPICAL 


SELLE     CLAOE 


EVERGLADES    CI 


FORT    LAUDERDALE 


OKEECHOBEE 


OATES 
1919    - 


1919  - 
19*9  - 
1919   - 


1919  - 
10*9  - 
1919   - 


1919  - 
19*9  - 
1919   - 


1919  - 

19*9  - 

1919  - 

1919  - 

191,9  - 

1919  - 


191.9   - 
1319   - 

1919    - 


*517.S 
4912.6 
9*30.1 

6169.2 
*06J.7 
10232.9 

991.9 
1163.5 
2155.* 


305.8 
373.8 
653.6 


225^.7 
2736.9 
*931.6 


*37.5 

750.  * 

260.3 


205.6 
135. 5 

I  70.5 

33.  1 
30.3 
35.9 


94.1 
111.7 

102.9 

50.2 
56. 6 
57.5 

129.4 


75.2 
31  .2 
83.2 


10.5 
9.6 

67.4 
87.6 
77.5 

1357.5 
1455.1 
1406.3 


42.77 
34.06 
77.63 

815.52 
915.56 
1731.08 

135.21 

107.45 
242.66 

191.33 
225.09 
416.92 

7*9.42 
843.33 
1592.75 


423.93 
4  4  2.44 
363.37 


804.20 
93  3.6  3 
1767. S3 


275.58 
329. 01 

605.38 

429.07 

444.20 
673.27 


16.05 
19.55 
35.60 

472.67 

595.42 

'  1068.29 

■  7523.9* 
<  8954.66 
■16478.80 


23.30 
16.  72 

30.01 


27.  18 

30.52 
28.65 


6.55 
5.37 


STORM 

000) 


792.02 
1194.93 
1907.00 


RAINFALL 


1365.55 
1523.49 

2833.04 


169.36 
209. 78 
379.13 

'636.33 
1094.49 
1730.87 

562.75 
540.33 
1103.58 


1533.59 
1826.33 
3353.32 


0.53 
0.65 
0.59 

15.76 
19.35 

1  7. 30 

250.80 
253.50 
274.65 


1000.69    33.36 


11895.60   396.52 


1*90.87 
2296. 56 
3787. *3 

78.45 
65.81 
1*4.26 

3839.86 
4175.71 
8015.56 

135.21 

107.45 
242.66 

901.25 
1057. 19 
1958.44 


779.10 
332:39 
1712.03 

»23.93 

*42.4* 
666.37 

773.23 
686.5* 
1*59.77 


592.07 
567.96 
1 160.03 


1962.66 
2270.53 
*233.20 

1952.23 
2755. 16 
*707.39 

352.9* 
437. *8 
790.42 


735.70 
937.17 
1672.87 

19419.50 
23463.60 
42883.20 


49.70 
76.55 
63.12 


128.00 
139.  19 
133.59 


5.2* 
2.64 

0.  50 
S.69 
4.  70 

5.97 
1.10 
8.53 

4.13 
4.75 


3.76 

2.96 

a.  36 


0.55 

5.07 
1.84 

3.46 

1  .76 
4.58 
3.17 

0.53 
0.65 
0.59 

24.52 
31.24 

27.88 
647. 32 


128.38 
151.18 

280.06 


102.07 
90.62 
192.65 


21.53 
26.63 
46.22 


4.77 
7.35 

6.06 


13.95 
15.17 
14.56 


12.34 
13.31 
13.07 


0.71 
0.39 
0.60 


.72 


53.88 
63.13 
53.50 


See  note  on  following  page. 
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"TOTAL"  is  the  total  amount  of  water  from  hurricane 

rainfall.   It  is  determined  by  converting  the  rainfall 

depth  from  inches  to  feet  and  multiplying  that  guotient 
by  the  area  in  acres. 

"INFILTRATION"  indicates  the  estimated  amount  of 
water  which  entered  the  ground.   It  is  calculated  by 
applying  the  soakage  function  to  the  rainfall  depth  and 
multiplying  that  product  by  the  area  of  dry  land  surface 
in  acres.   This  value  is  not  allowed  to  exceed  the  maximum 
storage  possible  within  the  space  between  the  ground 
surface  and  the  mean  water  table.   Dry  areas  were 
identified  by  topographical  maps,  Landsat  remote  sensing 
imagery  and  U-2  aerial  photographs  at  the  scale  1:250,000. 

"IMPOUNDABLE  SURFACE  WATER"  is  an  estimate  of  the 
amount  of  runoff  that  could  be  impounded  in  existing 
reservoirs  if  other  water  was  not  already  occupying  the 
necessary  space.   It  is  calculated  by  multiplying  the 
rainfall  in  feet  by  the  area  of  Lake  Okeechobee,  the  three 
Conservation  Areas,  and  all  of  the  area  which  drains  into 
these  reservoirs  (Figure  9),  and  deleting  infiltration 
which  would  occur  in  the  dry  parts  of  these  areas. 

"INFILTRATION  &  IMP  SURFC"  is  the  sum  of  two 
preceding  columns.   It  is  an  estimate  of  the  total  water 
that  could  be  retained  after  initial  runoff  from  storm. 

"INFILT  &  SURFC  MINUS  EVAP"  is  the  net  water 
remaining  in  the  ground  and  on  the  surface  after  a  year 
of  evapot ran sp i ra t i on .   E vapo t rans p i ra t i on  rates  are 
taken  from  Visher  and  Hughes  ( 1 96 9 )  . 


ok 


Using  the  procedures  described  above,  all  of  the  increase  in 
surface  storage  (Figure  9)  and  much  of  the  added  ground 
water  are  found  at  inland  locations  in  the  central  and 
northern  parts  of  the  Water  Management  District,  while 
rainfall  (Figures  5  and  6)  is  more  evenly  distributed,  with 
the  greatest  quantities  falling  along  the  southeastern 
coas  t . 

When  the  rainfall  data  are  converted  from 
un i d i mens iona 1  depths  (Tables  k     through  23)  to  volumetric 
measurements  (Tables  3&  and  37),  the  close  relationship 
between  rainfall  and  water  supply  becomes  apparent.   The 
rainfall  from  hurricanes  for  the  second  half  of  the  study 
period  was  only  kk    percent  of  that  for  the  first  half. 
Although  the  total  water  from  hurricanes  declined  by  a 
greater  proportion,  to  4l  percent  of  the  earlier  total, 
infiltration  and  impoundable  runoff  declined  slightly  less, 
to  kk    and  kS    percent,  because  of  changes  in  the  areal 
distribution  of  rainfall  between  the  two  intervals. 

The  percentage  of  rainfall  from  all  sources,  which 
would  be  available  after  infiltration,  runoff,  and 
evapo t ran s p i ra t i on  are  budgeted,  would  be  very  similar  to 
that  of  hurricane  and  tropical  storm  rainfall.   Although 
runoff  may  increase  during  heavy  storms,  the  rainfall  rates 
which  normally  accompany  a  hurricane  or  tropical  storm 
rarely  exceed  those  from  other  sources,  and  when  extremely 
high  rainfall  occurs  it  is  usually  limited  to  a  relatively 
small  part  of  the  Water  Management  District.   Runoff  from 
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I,  2,  3  =  CONSERVATION   AREAS 


j3K-  "" 


MPOUNDABLE    CATCHMENT    AREAS 


FIGURE    9 

IMPOUNDABLE  CATCHMENT  AREAS 


86 


hurricanes  and  tropical  storms  may  occasionally  exceed 
runoff  from  other  rainfall  sources,  but  lighter  rains  often 
fail  to  provide  significant  soakage  and  may  make  no  net 
contribution  to  terrestrial  moisture  after  a  day  of 
e vapo t ran s p i ra t i on .   Tropical  cyclone  rainfall  is  generally 
enough  to  add  significant  quantities  of  water  to  ground  and 
s  u  r f ace  storage. 


CHAPTER  7 

WATER  SUPPLI ES 
IN  THE  SOUTH  FLORIDA  WATER  MANAGEMENT  DISTRICT 


The  foregoing  summaries  and  analyses  of  hurricane  and 
tropical  storm  rainfall  data  provide  information  regarding 
the  relative  importance  of  rainfall  from  these  sources  as 
part  of  the  total  rainfall  of  the  South  Florida  Water 
Management  District  and  indicate  the  amount  of  usable  water 
which  remains  after  runoff  and  evapo t ran s p i r a t i on  have  taken 
place.   The  use  and  management  of  water  must  also  be 
considered,  however,  if  the  full  significance  of  tropical 
cyclone  rainfall  to  water  supplies  is  to  be  understood.   In 
the  remainder  of  this  study,  the  effects  of  reduced  rainfall 
on  water  supplies  are  treated  in  relation  to  projected 
demands  for  water  and  the  impacts  that  possibly  declining 
supplies  and  increasing  demands  would  have  on  water 
management  policies  and  practices  in  the  SFWMD. 


Origin  of  the  SFWMD 


Attempts  to  influence  the  water  balance  in  South 
Florida  began  in  the  l850's,  when  the  United  States  Congress 
put  all  swamp  and  overflow  lands  into  state  ownership 
through  the  Swamp  Lands  Act  of  1850.   Efforts  to  drain 


wetlands  were  financed  by  the  sale  of  land  to  private 
interests,  and  in  Florida,  a  board  of  internal  improvements 
was  established  in  1351  to  negotiate  these  transactions. 
Draining  wetlands  continued  to  be  the  primary  form  of  water 
management  in  the  region  until  the  1930's.   The  U.S.  Army 
Corps  of  Engineers  entered  the  region  in  1699  and  began  to 
construct  numerous  water  control  and  diversion  structures 
which  are  still  used  by  the  Corps  and  the  South  Florida 
Water  Management  District  (Smith,  1  9  8  0 )  . 

The  hurricanes  of  1926  and  1928  demonstrated  that  while 
existing  canals  were  capable  of  handling  routine  drainage, 
they  could  not  absorb  the  excess  water  from  a  severe  storm 
rapidly  enough  to  prevent  flooding,  and  flood  control  thus 
became  a  new  objective  of  water  management  in  the  region. 
In  19^8,  Congress  adopted  the  Central  and  Southern  Florida 
Flood  Control  Project  and  the  following  year,  the  Florida 
Legislature  created  the  Central  and  Southern  Florida  Flood 
Control  District.   The  Army  Corps  of  Engineers  assisted  the 
Flood  Control  District  by  constructing  and  operating  water 
control  structures  (Smith,  1  2  c3  0  )  . 

Extended  drought  between  1331  and  19^5  brought  the 
problem  of  maintaining  adequate  water  supplies  to  the 
foreground.   Groundwater  levels  became  so  low  that  saltwater 
intruded  into  municipal  wells  of  coastal  cities.   Land  which 
was  normally  underwater  became  dry  and  thousands  of  acres  of 
"muck"  soil  were  lost  to  fires  (Smith,  1 S  8  0 )  . 
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Continued  increases  in  water  demand  and  worsening 
problems  concerning  supply  culminated  in  the  Florida  Water 
Resources  Act  of  1972  which  created  the  South  Florida  Water 
Management  District  as  part  of  a  statewide  system  of  water 
management  districts.   Several  modifications  were  made  to 
water  management  district  boundaries  in  South  Florida  by 
amendments  in  1973  and  1976,  leading  to  the  present 
configuration  of  districts.   Duties  and  authority  of  the 
water  management  districts  were  altered  and  clarified  as 
part  of  the  Environmental  Reorganization  Act  of  1975. 

The  Water  Resources  Act  states  that  the  water 
management  districts  may  be  authorized  to  perform  the 
following  functions:  1)  Administer  and  enforce  all 
provisions  of  the  Act,  including  the  permitting  of 
consumptive  uses,  regulation  of  wells,  and  management  and 
storage  of  surface  waters.   2)  Cooperate  with  the  federal 
government  in  matters  of  flood  control,  reclamation,  and 
conservation.   3)  Establish  and  control  the  level  of  water 
in  canals,  lakes,  rivers,  channels,  reservoirs,  and  streams, 
and  maintain  those  levels  by  means  of  dams,  locks,  flood 
gates,  dikes,  and  other  structures.  k )  Plan,  construct, 
operate,  and  maintain  physical  works. 


so 


Water  Management  Goals  in  the  SFWMD 


The  South  Florida  Water  Management  District  has 
published  the  set  of  objectives  listed  below. 


1.  Water  Supply.   Ensuring  fresh  water 
resources  for  all  needs. 

2.  Water  Conservation.   To  fully  conserve  and 
control  the  water  resources  in  the  District  so  as 
to  realize  their  full  beneficial  use. 

3.  Prevention  of  Salt  Water  Intrusion.   To 
protect  fresh  water  through  regulation  of  water 
use  and  by  installing  salinity  control  structures 
to  hold  fresh  water  levels  high  near  the  coast. 

h.       Flood  Control.   To  prevent  damage  and 
control  the  discharge  of  water  from  floods  in  the 
event  of  hurricanes  or  excessive  rainfall. 

5.   Protection  and  Enhancement  of  Fish  and 
Wildlife.   Conservation  of  our  natural  resources 
to  prevent  exploitation,  destruction,  or  neglect. 


7.  Navigation.   To  assist  in  maintaining  the 
navigability  of  rivers  and  harbors. 

8.  Public  Recreation.   To  operate  and  maintain 
quality  water-based  recreation  facilities. 

9.  Preservation  of  Important  Wilderness  Areas 
and  their  Ecosystems.   To  ensure  water  managemnt 
practices  are  sensitive  to  environmentally 
fragile  areas. 

10.   To  Promote  the  Health,  Safety,  and  General 
Welfare  of  the  People  of  the  State.   (SFWMD, 
1980,  p.  5) 
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Practices  which  lead  to  the  achievement  of  some  of 
these  goals  may  be  detrimental  to  the  accomplishment  of 
others.   For  example,  flood  control  is  best  achieved  by 
keeping  water  levels  in  lakes,  canals,  and  the  ground  low, 
while  maintenance  of  water  supplies  is  best  served  by 
keeping  these  same  reservoirs  at  high  levels.   Accurate 
assessment  of  the  amount  of  water  in  each  phase  of  the 
hydrologic  cycle,  including  rain  that  may  come  from  tropical 
cyclones,  is  needed  to  achieve  these  objectives.   Without  a 
better  understanding  of  tropical  cyclone  rainfall,  water 
administrators  could  make  more  errors  of  the  type  committed 
in  1973  when  they  lowered  canal  levels  enough  to  accommodate 
12  inches  of  rain  from  Hurricane  "David"  (SFWMD,  1979)  and 
only  2  inches  materialized. 

Present  and  Projected  Water  Demand  in  the  SFWMD 


Leach  (1978a,  1978b)  has  tabulated  the  volume  of  water 
taken  from  various  sources  and  applied  to  several  major  use 
categories  for  1975.   Pride  (1973,  1975)  has  supplied 
similar  information  for  1 9 6 5  and  1970,  and  Healy  (1972)  has 
provided  data  concerning  the  public  water  supplies  of 
specific  municipalities  for  1970.   Khanal  (1976)  and  Toomey 
&  Woelcke  (1979)  have  used  computer  models  to  analyze  water 
demands  per  capita  for  municipal  supplies  in  the  South 
Florida  Water  Management  District.   These  data  and  models 
may  be  used  along  with  census  information  to  develop 
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projections  of  future  water  demands  for  the  Water  Management 
District  or  individual  counties  and  municipalities  within 
the  District. 

Information  from  the  above  sources  and  population 
figures  from  the  United  States  censuses  for  I960,  1970,  and 
1930  were  used  to  project  water  demand  at  ten-year  intervals 
through  the  year  2030  (Table  33).   The  amount  of  water 
consumed  during  each  listed  year  is  compared  to  the  amount 
of  water  added  to  the  supply  by  rainfall  from  all  sources 
(Table  39).   Water  supply  rates  are    based  on  rainfall  from 
1919  through  19^8  and  19^9  through  197o  so  that  the  effects 
of  reduced  rainfall  during  the  later  interval  could  be 
observed.   Supplies  used  are  the  net  of  annual  groundwater 
infiltration  and  potential  surface  storage  in  impoundment 
areas,  after  one  year  of  evapotranspi  ration.   This  formula 
assumes  that  all  rain  which  falls  in  an  impoundable  area  can 
be  caught  and  saved,  and  should  yield  a  generous  estimate  of 
supply. 

The  analysis  of  rainfall,  earlier  in  this  study,  showed 
that  during  the  interval  from  19^9  through  19  72,  mean  annual 
rainfall  was  significantly  lower  than  for  the  preceding 
thirty  years,  and  that  the  difference  in  total  rainfall 
corresponds  approximately  to  the  difference  in  rain  from 
hurricanes  for  the  two  intervals.   Thus,  rainfall  for  the 
later  interval  may  be  used  as  a  guide  to  the  amount  of 
moisture  that  would  be  available  in  ground  and  surface 
reservoirs  if  hurricanes  failed  to  influence  Florida, 


TABLE  38 
ANNUAL  FRESH  WATER  DEMAND 

(ACRE  FEET) 
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*  FCPULATION  •'•        WITHDRAW!)       *        C  0::  SU/1  ED 
YEAR  *    SERVED    *     TOTAL    *  PER  CAP  «    TOTAL    *  PER  CAP 


1965 
1370 
1975 


2  ,200  ,000 
2,702  ,000 

3  ,  300  ,000 


3 ,  4  n  4  ,  z  2 )( 

2,364,726 
3,3't9.'<59 


1  ,556 
1,043 
1  ,357 


,214 


,707 
.387 
, 'Ml 


PROJECTIONS  ASSUMING  1965  WITHDRAWAL  ADD  CONSUMPTION  RATES 


13  90 
2000 
2010 
2020 
2030 


5,400,000 

7,200,000 

3 , 300  ,000 

1 1  ,700  ,000 

14 ,400,000 


8 , 364 ,noo 
11,1 52,500 
14,405,700 
IB, 123,300 
22  ,305,600 


1  .549 
1  .549 


1  .549 
1.549 


Si  7  ,000 
,050  ,400 
,575,100 
,271  ,900 
,  1  SO  ,G00 


PR0JECTI0I1S  ASSUMING  1970  WITHDRAWAL  AMD  CONSUMPTION 


1990 
2C00 
2010 
2020 
2030 


5,400,000 

7,200  ,000 

9 , 300  ,000 

1 1 , 700 ,000 

14 ,400,000 


4 ,714,200 

6,285,600 

S , 1 1 6,900 

10,2  14,100 

12,571  ,200 


.873 
.873 
.373 
.873 
.373 


2,0uS  ,  800 
2,736,400 
3,539  ,  100 
4,527  ,500 
5,572  ,800 


PROJECTIONS  ASSUMING  1975  WITHDRAWAL  AND  CONSUMPTION 


1990  *  5  ,400,000  *  5,431  ,000 

2000  *  7,200,000  *  7,303,000 

2010  *  9,300,000  •■=  9,439,500 

2  0  2  0  *  11,700,000  •■•■  11,875,500 

2030  ■■•  14,400,000  *  14,616,000 


.015 
.015 
.015 
.015 
.015 


2,215  ,400 
2,959  ,200 
3,822 ,300 
4 ,608  ,700 
5,913  ,400 


.707 
.707 
.707 
.707 
.707 

UTES 

.337 
.337 
.387 
.337 
.387 

'-ATES 
.411 
.411 
.41  1 
.411 
.411 


TABLE  39 
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NET  BALANCE  BETWEEN  CONSUMPTION  AND  SUPPLY 

(ACRE  FEET) 


YEAR  *   CONSUMED   *  SUPPLY-A 


1ALANCE-A    *    SUPPLY-B 


ALANCE-B  * 


1565  *  1,556,200  *  2,102,550  *  546,349  *  1  ,996 ,9^0  *  440,738  * 
1970  *  1,0*19,300  *  2,102,550  *  1,053,250  *  1,996, 9*10  *  9*17,638  * 
1 S  75  *   1,357,300  *  2,102,550  *    7^5 ,2**9  *  1,996,9*10  *    639,638  * 


1990 
2000 
2010 
2020 
2030 


1990 
2000 
2010 
2020 
2030 


1990  * 

2000  * 

2010  * 

2020  * 

2030  * 


PROJECTIONS  ASSUMING  1965  CONSUMPTION  RATES 

3,817,000  *  2,102,550  *    -1,71*1, 'i50  *  1,996,9*10  *  -1,820,060  * 

5,090,*iOO  *  2,102,550  *  -2.987.S50  *  1,996,9*10  *  -3,093,*i60  * 

6,575,100  *  2,102,550  *  -*t,*i72,550  *  I  ,996 ,9*0  *  -4,578,160  * 

8,271,900  *  2,102,550  *  -6,169,350  *  1,996,9*10  *  -6,27'i,960  * 

10,180,200  *  2,102,550  *  -8,078,250  *  1,996,9*10  *  -8,133,860  * 

PROJECTIONS  ASSUMING  1970  CONSUMPTION  RATES 


2,089  ,800 
2,  786  ,*t00 
3,599,100 
4,  527,  900 
5  ,572,800 


2,102,550  *      12,7*t9  *  1,996,9*10  *  -92,862  * 

2,102,550  *    -683,852  *  1,996,9*i0  *  -729  ,  *»62  * 

2,102,550  *    -1,496,550  *  1,996,9*10  *  -1,602,160  * 

2,102,550  *  -2,42  5,350  *  1,996,940  *  -2,530,960  * 

2,102,550  *  -3,470,250  *  1,996,940  *  -3,575,360  * 


PROJECTIONS  ASSUMING  1975  CONSUMPTION  RATES 

2,219,400  *  2,102,550  *    -116,852  *  1,996,940  *    -222,462  * 

2,959,200  *  2,102,550  *    -856,652  *  1,996,940  *    -962,262  * 

3,822,300  *  2,102,550  *  -1,719,750  *  1,996,940  *  -1,825,360  * 

4,808,700  *  2,102,550  *  -2,706,150  *  1,996,940  *  -2,811,760  * 

5,918,400  *  2,102,550  *  -3,815,850  *  1,996,940  *    -3,921,460  * 


a.  SUPPLY-A  and  BALAMCE-A  are  based  on  rainfall  for  1919  through  1948 

b.  SUPPLY-B  and  BALAUCE-B  are  based  on  rainfall  for  1949  through  1978 
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no  matter  whether  natural  climatic  change  or  weather 
modification  was  the  cause.   No  consideration  is  given  here 
to  rainfall  from  tropical  storms  because  the  number  of 
tropical  storms  and  the  amount  of  rainfall  from  them  has 
continued  undiminished  through  both  thirty-year  intervals 
and  it  is  unlikely  that  storms  of  less  than  hurricane 
intensity  would  be  seeded. 

The  population  projections  (Table  32)  assume  continued 
rapid  growth  at  a  rate  which  increases  numerically  with  each 
interval  but  comprises  a  smaller  percentage  of  the 
population  than  the  increase  of  the  previous  interval. 
Census  data  show  that  population  in  the  SFWMD  increased  by 
about  900,000  between  1960  and  1970,  and  by  about  1,200,000 
between  1970  and  19  00.   The  difference  between  these  two 
intervals  is  used  to  project  the  rate  of  increase  for  future 
ten-year  intervals.   Thus  the  increase  in  population  from 
1980  to  1990  is  estimated  at  1,500,000  and  the  increase  for 
1990  to  2000  is  1,800,000  and  grows  larger  by  300,000  for 
each  succeeding  ten-year  interval. 

Historic  water  consumption  rates  do  not  show  a 
continuous  trend  as  does  population  growth.   Total  and  per 
capita  freshwater  use  increased  continuously  from  the 
earliest  found  estimates  (Leach,  1978b)  through  19  6  5,  but 
then  declined  sharply  so  that  the  total  volume  in  1970  was 
only  about  two-thirds  of  what  it  had  been  in  196  5,  and  per 
capita  withdrawal  and  consumption  were  slightly  above  half 
of  the  1965  rate.   From  1970  to  1975,  total  water  withdrawn 
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and  consumed  rose  again  to  almost  1965  levels,  but  per 
capita  use  remained  relatively  low.   Because  of  these 
fluctuations  in  the  rates  of  water  withdrawal  and 
consumption,  no  clear  rationale  could  be  found  for 
projecting  increasing  or  decreasing  rates  into  the  future: 
therefore,  estimates  of  consumption  (Tables  38  and  39)  are 
based  on  all  three  given  rates. 

Use  of  fresh  water  reached  a  peak  during  1965  because 
of  a  very  large  quantity  used  for  irrigation  and  the 
relatively  high  percentage  of  irrigation  water  which  is 
consumed  in  use.   Between  1965  and  1975  a  decrease  in  the 
amount  of  water  used  for  irrigation  and  a  trend  to  adopt 
saline  water  for  cooling  thermal  electricity  generators 
relieved  some  of  the  demand  for  fresh  water  in  the  SFWMD 
(Leach,  1978b). 

Significance  of  Water  Supply  and  Demand  Projections 


The  projections  of  water  supply  and  use  (Tables  38  and 
39)  indicate  that  the  consumption  rates  of  1965  or  1975 
would  lead  to  demand  exceeding  the  amount  of  new  water 
available  from  rainfall  by  1990  or  sooner.   Projections 
based  on  the  lower  1970  rate  of  consumption  show  a  small 
surplus  of  rainwater  for  1990,  but  a  deficit  for  each 
projected  year  thereafter  using  rainfall  data  for  1919 
through  19^8,  and  deficits  for  all  projected  years  using 
rainfall  data  for  19^9  through  1978. 
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The  above  projections  consider  only  the  mean  annual 
rainfall  and  not  its  seasonal  distribution  or  annual 
fluctuations.   South  Florida  has  a  wet  season  in  the  summer 
alternating  with  a  dry  season  each  winter.   Not  all  of  the 
surplus  rain  that  falls  in  an  impoundable  area  during  the 
wet  season  can  be  saved  and  much  of  what  infiltrates  the 
ground  or  is  impounded  in  surface  reservoirs  is  exposed 
to  evapot ransp i ra t i on  for  the  greater  part  of  a  year. 
Relatively  little  excess  water  from  a  high  rainfall  year  can 
be  saved  to  serve  the  needs  of  a  dry  year  and  if  the  wet 
season  fails  to  bring  the  normal  amount  of  rain,  a  shortage 
of  water,  such  as  happened  in  1971  (Benson  &  Gardner,  197^; 
Storch,  197M  may  soon  follow. 

The  geographical  distribution  of  the  water  consumption 
also  affects  the  ability  of  supply  to  meet  demand.   Although 
rainfall  is  spread  across  the  entire  Water  Management 
District,  water  users  are  concentrated  in  coastal  cities  and 
a  few  inland  agricultural  areas.   The  South  Florida  Water 
Management  District  and  the  U.S.  Army  Corps  of  Engineers 
operate  a  complex  system  of  canals  and  control  structures 
in  the  southeastern  part  of  the  District  to  ration  water 
from  upstream  areas  to  the  coast,  but  the  southwestern 
region  of  the  Water  Management  District,  where  annual 
potential  evapot ransp i ra t i on  exceeds  rainfall,  has  no  such 
sys  tern. 

Another  factor  which  affects  the  ability  of  a  region  to 
meet  its  water  needs,  is  the  relationship  between  the 
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quantity  of  water  withdrawn  and  what  is  consumed.   Less  than 
half  of  the  water  withdrawn  in  the  South  Florida  Water 
Management  District  is  consumed  in  use  (Table  3S).   Although 
the  unconsumed  water  is  returned  to  a  ground  or  surface 
reservoir,  it  is  necessary  to  have  this  water  available  for 
either  direct  use,  as  in  thermal  electric  cooling,  or  so 
that  a  consumptive  use,  such  as  irrigation  can  take  place. 
The  amount  of  water  withdrawn  for  any  of  the  base  years  used 
exceeds  the  annual  increment  of  new  supply  from  rainfall. 
This  is  not  a  problem  as  long  as  enough  water  from  past 
rainfall  remains  available,  but  if  consumption  exceeds  new 
supplies  by  large  amounts  or  for  many  years,  the  amount  of 
water  available  for  withdrawal  could  be  reduced  to  levels 
that  would  restrict  water  usage  even  though  enough  water  to 
match  desired  levels  of  consumption  may  remain. 

When  making  projections,  certain  trends  must  be  assumed 
to  continue  into  the  future.   When  the  forecast  future 
becomes  the  present,  such  trends  are  often  found  to  change. 
Fluctuations  in  past  water  use  rates  illustrate  the  hazards 
of  assuming  any  constant  rate  of  water  use  in  the  future. 

Events  that  are  related  to  the  issue  of  water 
consumption  can  be  studied,  however,  so  that  some  educated 
guesses  can  be  made  regarding  future  water  use  patterns.   It 
is  probably  safe  to  assume  that  the  per  capita  consumption 
of  fresh  water  in  the  South  Florida  Water  Management 
District  should  not  be  expected  to  rise  sharply  and  may 
decline  because  of  the  increasing  population  which  is 
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dependent  upon  a  limited  supply.   Reduced  per  capita  use 
rates  are  in  fact  essential  to  continued  population  growth 
in  this  area. 

As  population  grows  and  public  supplies  require  more 
water,  the  amount  of  water  available  for  other  uses  will 
decline.   Changes  in  the  profile  of  water  use  patterns  may 
cause  a  further  decline  in  per  capita  consumption  of  fresh 
water.   For  example,  water  for  irrigating  orange  groves  will 
decline  as  urban  development  encroaches  on  agricultural 
land.   Water  which  would  formerly  have  been  used  to  irrigate 
trees  will  be  used  directly  by  people  instead. 


CHAPTER  8 

IMPLICATIONS  OF  REDUCED  RAINFALL 
FOR  WATER  MANAGEMENT  PLANNING 


Water  demand  in  the  South  Florida  Water  Management 
District  will  rise  enough  to  consistently  outstrip  the 
region's  present  ability  to  meet  dry  season  requirements 
within  the  next  decade.   If  rainfall  continues  to  be  low, 
as  it  has  been  during  recent  years  without  hurricanes, 
persistent  water  shortages  will  arrive  sooner  than  if 
rainfall  returns  to  higher  levels  of  the  past,  but 
regardless  of  which  rainfall  rate  prevails,  consumption 
of  water  in  South  Florida  will  soon  exceed  the  amount 
of  new  water  available  from  rainfall  each  year  after 
evapot ran s p i ra t i on .   Increasing  demands  placed  upon  a 
possibly  declining  supply  will  require  that  changes  in 
water  management  policies  and  practices  be  adopted  in  order 
to  make  maximum  use  of  available  water. 

General  Implication  for  Water  Management  Policy 

The  policy  of  the  SFWMD  regarding  storage  of  surplus 
water  is  to  save  all  available  water  during  the  dry  season 
and  all  the  water  that  will  fit  in  reservoirs  up  to 
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specified  levels  during  the  wet  season  (Kreitman,  1981)  . 
Since  demand  for  water  has  already  exceeded  supply  during 
dry  years,  any  significant  increase  in  demand  will  require 
comparable  increases  in  storage  so  that  more  wet  season 
rainfall  can  be  saved  for  use  during  the  dry  season  or  for 
dry  times  during  that  part  of  the  year  which  is  usually  wet. 
It  would  thus  be  wise  for  the  SFWMD  to  adopt  a  policy  of 
expanding  its  storage  capacity. 

The  study  of  hurricane  rainfall  patterns  shows  that  the 
South  Florida  Water  Management  District  may  be  able  to  alter 
its  policies  concerning  the  acceptable  water  levels  for 
storage  areas  without  forfeiting  flood  control  ability.  When 
Hurricane  "David"  approached  South  Florida,  water  management 
officials  based  their  estimates  of  how  much  rain  to  be 
prepared  for  on  the  amounts  that  fell  in  Haiti  and  Puerto 
Rico  (SFWMD,  1979).   "David"  dropped  10  to  12  inches  of  rain 
on  those  mountainous  islands,  and  advanced  toward  Florida  in 
a  much  weakened  state.   Energy  had  dissipated  from  the  storm 
because  water  needed  to  store  latent  heat  had  been  removed 
and  was  not  entirely  replaced  by  the  time  "David"  reached 
Florida.   Even  if  "David"  had  made  landfall  at  Miami  and 
traveled  across  the  center  of  the  Water  Management  District, 
records  of  the  rainfall  brought  by  previous  hurricanes 
indicate  it  is  unlikely  that  the  storm  could  have  released 
more  than  3  or  k     inches  of  rainfall  over  Florida's  flat 
interior. 
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When  rainfall  as  high  as  10  to  12  inches  occurs,  it  is 
usually  found  at  only  a  few  stations,  while  other  stations 
may  receive  an  inch  or  less.   The  maximum  rainfall  from  any 
of  the  85  hurricanes  and  tropical  storms,  which  brought  rain 
to  South  Florida  between  1919  and  1973,  averaged  7.86  inches 
for  the  nineteen  stations  used  in  this  study,  and  the  mean 
for  all  hurricanes  and  tropical  storms  for  the  60-year  study 
period  is  only  2.68  inches.   Armed  with  the  knowledge  that 
tropical  cyclones  bring  less  rain  than  they  had  earlier 
believed,  water  management  officials  in  South  Florida  might 
allow  less  margin  of  safety  for  flood  prevention  and  make 
greater  use  of  existing  water  storage  capacity. 


Implications  for  the  Water  Use  and  Supply  Development  Plan 


The  South  Florida  Water  Management  District  has 
been  formulating  and  modifying  its  Water  Use  and  Supply 
Development  Plan  (SFWMD,  1978)  since  the  District  began 
to  function.   The  first  edition  of  most  parts  of  the  plan 
appeared  in  1977  and  these  are  scheduled  for  revision  in 
1981.   A  summary  of  the  major  recommendations  of  the  plan 
appears  below,  followed  by  comments  concerning  implications 
that  reduced  rainfall  or  increased  fresh  water  demand  would 
have  for  each  recommendation. 
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Conse  rva t  ion 


Conservation  may  be  used  not  only  to  decrease  the 
demand  for  water  but  also  to  reduce  the  need  for  facilities 
to  treat  fresh  water  supplies  and  wastewater.   It  could  also 
have  ecological  benefits  by  maintaining  higher  water  levels 
in  Lake  Okeechobee  and  the  three  conservation  areas. 
Recommendations  of  the  plan  concerning  conservation  are  as 
fo 1 1 ows  : 

1.  Support  and  encourage  conservation  of 
water  resources  by  suppliers,  managers,  the 
District,  and  all  water  users.   Information  and 
instruction  on  effective  means  for  reducing  water 
consumption  should  be  provided  to  the  above. 

2.  Educate  the  public  on  the  impacts, 
advantages,  and  effectiveness  of  water 
conservation  programs  with  respect  to  water 
resources,  water  supply,  and  wastewater 

t  rea  tmen  t . 

3.  Require  water  conservation  through 
efficient  use  provisions  in  consumptive  and 
surface  water  management  permits  and  during 
critical  periods  through  implementation  of 
appropriate  Water  Shortage  Plans.   (SFWMD,  1978, 
P.  5-1) 


In  a  broad  sense,  the  entire  plan  is  concerned  with 
conservation.   Conservation  is  important  in  maintaining  the 
usefulness  of  many  resources,  and  is  essential  to  the  water 
supply  of  South  Florida.   Since  demand  for  water  in  South 
Florida  already  exceeds  supplies  in  dry  years,  the  observed 
decline  in  rainfall  and  projected  increases  in  demand 
indicate  that  water  shortages  should  occur  more  frequently 
and  last  longer  in  the  future.   Strong  and  continuing 
emphasis  on  conservation  could  help  alleviate  these 
shortages  and  maintain  the  carrying  capacity  of  the  region. 
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Wellfield  Development 

Evaluation  of  wellfield  development  by  SFWMD  planners 
included  estimating  the  water  supply  capability,  or  "safe 
yield"  of  the  Biscayne  and  Palm  Beach  County  shallow 
aquifers  and  determining  the  relationships  between  the 
number  and  size  of  wells  and  the  balance  of  water  in  the 
aquifer.   The  main  criterion  used  to  develop  safe  sustained 
wellfield  pumpage  rates  was  the  prevention  of  salt  from 
intruding  into  existing  coastal  wellfields.   The  plan's 
recommendations  state  that  the  SFWMD  should: 

1.  Encourage  development  of  wellfields  within 
the  limits  of  safe  aquifer  yields  in  the  Lower 
East  Coast,  as  defined  by  the  constraints  of 
controlling  saltwater  intrusion  to  preserve 
existing  wellfield  uses,  and  minimizing  adverse 
environmental  impacts. 

2.  Provide  local  governments  and  utilities 
with  assistance  through  District  planning 
activities  in  selecting  optimal  wellfield 

I  oca  t  i  ons . 

3.  Encourage  reg i ona  I  i za t i on  of  wellfields  and 
associated  facilities  to  reduce  local  costs, 

whe  re  applicable. 

h.       Encourage  additional  planning  on  a  local 
level  to  assure  timely  development  of  wellfields. 
(SFWMD,  1978,  p.  5-2) 


Any  future  wellfield  development  must  take  into 
account  that  rainfall  to  recharge  those  wells  may  be  less 
than  long  term  means  indicate.   Analysis  of  rainfall  data 
discloses  not  only  that  the  second  half  of  the  study  period 
was  drier  than  the  first  half  but  also  that  the  1970's  have 
been  drier  than  any  preceding  decade  studied.   If  this  trend 
continues,  curtailment  of  wellfield  development  should  be 
considered.   Osmotic  intrusion  of  ocean  salts  is  already 
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a  problem  along  many  parts  of  the  coast,  and  continued 
wellfield  development  during  a  period  of  declining  rainfall 
would  accelerate  this  condition. 


Backpump  i  ng 

This  set  of  recommendations  concerns  pumping  water, 
that  is  now  allowed  to  flow  to  the  sea,  back  inland  to  be 
stored  in  the  conservation  areas.   Backpumping  can  be  used 
to  aid  flood  control  and  water  supply  but  may  impair  water 
quality  by  carrying  salts  from  the  coastal  ends  of  canals 
many  miles  into  the  interior.   The  plan  recommends  continued 
study  of  this  alternative  in  order  to  evaluate  its  effects 
on  the  environment,  and  specifies  that  the  best  available 
water  quality  should  be  maintained,  as  stated  below. 

1.  Support  and  encourage  the  continuing 
evaluation  of  backpumping,  while  concurrently 
developing  an  optimized  Conservation  Area 
management  program  through  water  quantity  and 
quality  studies  of  the  impact  of  backpumping  in 
vegetation,  fish  and  wildlife. 

2.  Local  government  planning  and  development 
approvals  and  SFWMD  surface  water  management 
permitting  should  continue  to  require  that  the 
best  available  water  quality  and  land  management 
practices  be  implemented  to  maintain  and  improve 
water  quality.   (SFWMD,  1978,  p.  5-5) 

Beyond  the  observation  that  any  means  to  conserve  water 

without  damaging  the  environment  should  be  considered,  the 

findings  of  the  present  study  do  not  materially  affect  the 

recommendations  of  the  SFWMD  plan  concerning  backpumping. 

This  practice  may  be  useful  during  certain  seasons 

regardless  of  long  term  rainfall  rates. 
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Demi  ne  ra 1 i  za  t  i  on 


Demi ne ra 1 i za t i on  in  South  Florida  refers  primarily 
to  desa  1  i n i za t i on  of  sea  water  or  brackish  coastal  water 
from  estuaries  or  wells.   Dem i ne ra 1 i zed  water  can  be  used 
to  supplement  fresh  water  supplies,  or  may  be  injected  into 
shallow  aquifers  to  impede  intrusion  of  salt  in  coastal 
areas.   The  recommendations  of  the  plan,  given  below, 
provide  no  definitive  statement  on  this  topic. 

1.  Support  the  use  of  dem i ne ra 1 i za t i on  on  a 
local  and/or  Individual  user  basis  where  cost  and 
energy  effective  and  proper  disposal  techniques 

a  re  emp 1 oyed . 

2.  Implementation  of  regional  demi ne ra 1 i za t i on 
facilities  should  be  deferred  until  additional 
studies  on  cost  and  energy  requirements  are 
completed.   (SFWMD,  1378,  p.  W) 

Although  dem i nera 1 i za t i on  is  a  potential  means  for 
supplementing  inadequate  future  water  supplies,  the  cost  of 
this  alternative  may  preclude  its  use.   The  present  study 
indicates  that  rainfall  brings  more  than  enough  water  to 
meet  the  needs  of  the  SFWMD  if  it  can  be  stored  or  used 
before  it  evaporates.   As  long  as  fresh  water  is  available 
from  inland  sources,  demi ne ra 1 i z i ng  sea  water  is  not  an 
attractive  alternative.   A  reduction  in  the  amount  of 
rainfall  from  tropical  cyclones,  however,  would  probably 
have  little  impact  on  this  proposal. 


Deep  Aquifer  Storage 

Deep  aquifer  storage  is  a  means  for  expanding  the 
volume  of  groundwater  storage  capacity.   It  involves 
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injection,  storage,  and  retrieval  of  freshwater  into  saline 
portions  of  the  Floridan  Aquifer  so  that  surplus  water  from 
rainy  periods  may  be  saved  and  recovered  during  times 
of  draught.   Official  recommendations  concerning  this 
practice,  stated  below,  are  noncommittal,  pending  further 
resea  rch . 

1.  Continue  research  and  development  to  define 
the  potential  and  costs  of  this  alternative. 

2.  Defer  implementation  of  construction  for 
other  than  research  purposes  until  studies  are 
complete.   (SFWMD,  1973,  p.  5-8) 

Reservoir  capacity  is  a  major  factor  which  limits  the 

supply  of  fresh  water  in  South  Florida.   Deep  aquifer 

injection  would  not  only  increase  water  storage  capacity, 

but  would  do  so  in  places  that  would  not  suffer  rapid 

depletion  from  evapot ran sp i ra t i on .   If  it  proves  to  be 

feasible,  this  practice  could  become  a  valuable  addition  to 

the  storage  capacity  needed  to  forestall  impending  water 

shortages. 


Increased  Lake  Okeechobee  Storage 

Lake  Okeechobee  is  the  main  surface  storage  reservoir 

in  the  SFWMD.   The  storage  capacity  of  the  lake  can  be 

substantially  enlarged  by  allowing  higher  water  levels  to 

accumulate  behind  its  dikes.   The  following  statement 

appears  in  the  plan  regarding  this  alternative. 

1.   The  increased  regulation  schedule  of  15.5 
to  17.5  ft.  msl.,  which  can  be  attained  with 
existing  facilities  and  is  currently  being 
considered  by  the  Corps  of  Engineers,  should  be 
implemented  as  soon  as  possible. 
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2.   Further  increases  in  regulation  schedule 
requiring  additional  construction  should  be 
def e  r red  until  : 

a.  Monitoring  of  the  Lake's  vegetation,  fish 
and  wildlife  population  has  documented 
changes,  if  any,  which  may  result  from  the  new 
regulation  schedule  and  increased  future  water 
requirements.   This  knowledge  will  provide  the 
scientific  basis  to  more  accurately  predict 
the  environmental  changes  which  could  occur 
under  higher  regulation  schedules  and 
increased  water  supply  releases  from  the  Lake. 

b.  The  cost-effectiveness  of  the  capital 
expenditures  for  the  structural  facilities 
needed  to  attain  higher  regulation  schedules 
has  been  demonstrated.   (SFWMD,  1978,  p.  5-3) 

The  recommended  increase  of  two  feet  to  the  allowable 

water  level  in  Lake  Okeechobee  has  already  been  implemented. 

Additional  increments  of  storage  capacity  of  this  magnitude 

will  be  needed  in  the  future  but  large  capital  outlay  and 

extensive  revision  of  control  works  will  be  required  for  any 

further  enlargement  to  the  capacity  of  the  Lake.   Since  Lake 

Okeechobee  is  one  of  the  few  possible  places  in  the  SFWMD  to 

locate  a  large  increase  in  surface  storage,  this  alternative 

should  be  seriously  considered.   With  present  storage 

reservoirs  already  being  used  to  capacity,  the  need  for 

additional  storage  to  meet  growing  demand  is  obvious. 


Was  t ewa  te  r  Reuse 

Public  response  in  the  SFWMD  has  been  in  favor  of  the 
proposal  of  wastewater  reuse  for  non-potable  uses. 
Wastewater  is  a  large  potential  source  of  fresh  water  and 
reg i ona 1 i za t ion  of  water  treatment  plants,  going  on  in  some 
parts  of  the  SFWMD,  will  result  in  having  this  water 
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available  in  large  quantities  at  specific  sites.   The  plan 
includes  the  following  comments  on  this  topic. 

1.  Support  local  governments  and  utilities 
that  desire  to  investigate  this  alternative  for 
specific  areas . 

2.  Continue  to  assess  the  public  support 
(which  has  been  largely  in  favor  of  wastewater 
reuse  for  nonpotable  uses)  and  supply 
capabilities  of  this  alternative. 

3.  Defer  implementation  until  future  studies 
confirm  or  deny  the  viability  of  the  alternative. 

k .  Support  the  Corps  of  Engineers  study  of 
this  alternative  as  part  of  the  South  Florida 
Water  Supply  study.   (SFWMD,  1978,  p.  5-3) 

Wastewater  reuse  might  well  have  been  listed  under  the 

heading  of  conservation.   It  is  a  basic  means  to  achieve 

more  efficient  use  and  reduced  withdrawal  and  to  enhance 

limited  water  supplies  regardless  of  a  decline  in  hurricane 

rainfall. 


Fo  rwa  rd  Pump  i  ng 

Forward  pumping  requires  the  construction  of  new  locks 
landward  of  existing  salinity  control  structures  and  pumping 
water  into  the  space  in  between  from  further  inland.   This 
should  maintain  high  canal  stages  and  high  groundwater 
levels  near  the  coast  which  would  allow  additional  we  1 1 f i e 1 d 
development  and  impede  saltwater  intrusion.   This  proposal 
is  relatively  recent,  and  no  decision  concerning  it  appears 
in  the  plan,  which  states  simply  that:   "Any  decisions  on 
forward  pumping  must  be  deferred  until  a  later  date  because 
additional  data  and  analysis  methods  are  necessary  to 
properly  evaluate  this  alternative"  (SFWMD,  1978,  p.  5-8). 
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If  this  practice   proves  to  be  practicable,  it  could  be 
used  to  increase  storage  in  the  groundwater  reservoir.   A 
decreasing  amount  of  water  available,  because  of  possible 
declining  rainfall  and  increasing  water  use  may,  however, 
restrain  the  use  of  this  technique. 

Weather  Modification 


In  this  context,  weather  modification  refers  to  cloud 
seeding  to  stimulate  rain.   The  plan  recommends  against  this 
practice  because  of  "unresolved  legal,  social,  political, 
and  economic  problems,"  and  states  that:   "Because  of  the 
uncertainty  of  supply  when  it  is  needed  and   the  many 
unresolved  questions,  any  further  investigation  of  this 
alternative  by  the  District  should  be  discontinued"  (SFWMD, 
1973,  p.  5-9) . 

In  the  future,  however,  when  chronic  acute  water 
shortages  become  common,  it  may  be  necessary  to  reconsider 
this  alternative.   The  apparent  problems  associated  with 
weather  modification  may  become  less  significant  as  the  need 
for  water  rises  above  the  ability  of  natural  rainfall  to 
replenish  supplies.   If  a  hurricane  suppression  program 
becomes  operable,  additional  weather  modification  may  be 
required  to  compensate  for  lost  hurricane  rainfall. 


Thin  Films  over  Storage  Areas 

Thin  films  over  storage  areas  are  a  means  of 
suppressing  evaporation.   Unfortunately,  these  films  are 
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very  fragile  and  difficult  to  maintain  and  have  generally 
failed  to  adequately  perform  their  function,  leading  SFWMD 
planners  to  conclude  that  no  further  consideration  should  be 
given  to  this  alternative. 

The  amount  of  water  from  rainfall  in  South  Florida, 
with  or  without  hurricanes,  is  far  more  than  is  needed  to 
meet  present  demands,  but  most  of  it  is  lost  to  evaporation 
and  transpiration.   If  evaporative  losses  from  surface 
storage  areas  could  be  suppressed,  South  Florida  would  have 
an  adequate  water  supply  for  many  years  to  come.   The  SFWMD 
should  reconsider  the  use  of  evaporation  control  techniques, 
including  means  other  than  surface  films,  and  consider 
sponsoring  research  on  this  topic.   A  breakthrough  in  this 
area  could  solve  many  problems  for  South  Florida  and  other 
water  short  regions. 


Wa te  r  I mpo  r ta  t  ?  on 

Legal,  social,  political,  and  economic  problems, 
similar  to  those  affecting  weather  modification  make 
importing  water  from  outside  the  Water  Management  District 
impractical,  so  that  the  plan's  recommendation  for  this 
proposal  also  is  that  no  further  consideration  should  be 
given  to  this  alternative.   Although  South  Florida  will  need 
more  water  in  the  future,  this  does  not  appear  to  be  the  way 
to  acquire  it.   The  findings  of  the  present  study,  however, 
have  no  direct  bearing  on  this  matter. 
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Additional  Water  Conservation  Areas 

Recommendations  concerning  this  topic  are  scheduled 
to  appear  in  the  revision  of  the  Water  Use  and  Supply 
Deve 1 opmen  t  Plan  which  should  be  published  in  the  fall  of 
1981.   The  recommendations  will  depend  on  studies  of  cost, 
environmental  effects,  supply  capability,  and  political 
implications.   Significant  new  storage  capacity  could 
result  from  this  action  and  it  therefore  requires  serious 
cons  i  de  ra  t  i  on . 

Reclamation  and  Systems  Optimization 

This  area  is  also  to  be  addressed  in  the  next  revision 
of  the  plan.   This  proposal  calls  for  increasing  available 
supplies  by  preventing  waste  and  improving  the  operating 
efficiency  of  water  control  structures.   Any  such 
improvement  in  efficiency  would  help  alleviate  projected 
future  water  shortages  and  may  be  a  valuable  addition  to  the 
total  water  conservation  effort. 


Closing  Commen  t 

The  Water  Use  and  Supply  Development  Plan  of  the  South 
Florida  Water  Management  District  focuses  primarily  upon 
means  to  maintain  and  increase  supply,  with  relatively 
little  attention  given  to  reducing  demand.   Griggs  (1379) 
has  stated  three  basic  methods  for  reducing  the  demand  for 
water : 


.  .  .  1)  limiting  development  which  is  reliant 
upon  large  quantities  of  water.   2)  rationing  or 
scheduling  the  use  of  existing  supplies  amongst 
present  and  future  users,  and  3)  by  increasing 
the  efficiency  of  water  use  amongst  consumers. 
(Griggs,  1979,  p.  3) 
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The  plan  directly  addresses  only  the  last  of  these 
practices,  although  many  of  the  plan's  recommendations  are 
also  concerned  with  maintaining  long  term  supply  for  the 
benefit  of  both  present  and  future  users.   Legal  restraints 
to  land  development  and  population  increase  are  not 
discussed  in  the  plan,  and  are  beyond  the  authority  of  the 
Water  Management  District  to  impose.   The  permitting  of 
consumptive  uses  of  water  are,  however,  within  the  authority 
of  the  Water  Management  Districts  and  can  be  used  to  limit 
development  which  relies  on  large  quantities  of  water.   The 
plan  fails  to  treat  this  important  topic. 


CHAPTER  9 
SUMMARY  AMD  CONCLUSIONS 

Hamrick  (1972),  a  planning  engineer  for  the  South 

Florida  Water  Management  District,  has  stated: 

Water  may  be  transported  for  considerable 
distances  from  where  it  fell  as  rain,  and  it  may 
be  stored  for  long  periods  of  time,  but  with 
very  few  exceptions  it  originates  as  rainfall. 
Consequently,  the  measurement  and  study  of 
rainfall  is  in  truth  the  measurement  and  study 
of  our  potential  water  supply.   (Hamrick,  1972, 
P.  D 


This  research  has  concerned  itself  with  rainfall  from 
hurricanes  and  tropical  storms  and  the  amount  of  water  that 
such  systems  bring.   The  data  which  have  been  collected  for 
nineteen  weather  stations  in  and  near  the  South  Florida 
Water  Management  District  indicate  that  the  mean  annual 
rainfall  from  hurricanes  for  the  district  is  20.05  inches, 
or  3.8  percent  of  the  annual  total  and  that  the  mean 
rainfall  from  tropical  storms  is  1.7^  inches  or  3.2  percent 
of  the  annual  rainfall.   These  quantities  do  not  remain 
constant,  however,  and  the  annual  rainfall  from  hurricanes 
during  the  second  half  of  the  study  period  is  only  1.25 
inches  per  year,  significantly  less  than  the  2.86  inches 
which  came  from  hurricanes  during  the  preceding  thirty 
yea  rs . 
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Hurricanes  and  tropical  storms  add  significant 
quantities  of  water  to  the  environment  of  South  Florida 
and  although  the  amount  of  water  remaining  after 
evapot ransp i rat  ion  is  relatively  small,  water  supplies  from 
all  other  sources  are  also  depleted  by  evapot rans p i rat i on . 
The  relative  importance  of  water  from  tropical  cyclones 
compared  to  the  amount  of  water  from  other  sources  is 
similar  to  the  relative  amount  of  rainfall  from  tropical 
cyclones  compared  to  that  from  other  sources. 

At  times,  however,  rain  from  tropical  cyclones 
may  be  more  important  than  the  given  percentages  would 
suggest.   Mean  annual  precipitation  exceeds  potential 
evapot ransp i rat i on  by  no  more  than  14  inches  in  any  part  of 
the  South  Florida  Water  Management  District  and  in  some 
areas  precipitation  is  less  than  potential  evapotrans- 
piration  (Visher  and  Hughes,  19&9).   If  two  inches  of  rain 
were  withdrawn  from  the  annual  total  as  a  consequence  of 
modifying  hurricanes,  at  least  one-seventh  of  the  net  annual 
increment  of  new  water  could  be  lost  in  the  wettest  areas, 
and  in  places  where  rainfall  exceeds  potential  evaporation 
by  less  than  two  inches,  a  net  annual  surplus  of  moisture 
could  become  a  net  deficit.   Hurricanes  bring  only  3.8 
percent  of  the  mean  annual  rainfall  to  the  region,  but  if 
the  total  rainfall  on  a  given  year  is  close  to  the  level  of 
potential  evapot ran sp i ra t i on  for  a  certain  place,  then 
hurricane  rainfall  may  account  for  a  substantially  greater 
proportion  of  the  amount  of  available  water. 
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The  number  of  hurricanes  bringing  rain  to  South 
Florida  in  recent  years  has  dropped  sharply  from  what  it  had 
been  during  earlier  times.   Although  the  atmospheric 
mechanisms  that  cause  this  have  not  been  identified,  it 
remains  a  fact  there  is  a  decrease  in  total  annual  rainfall 
associated  with  the  decline  in  hurricane  numbers.   This 
decrease,  however,  is  not  during  the  hurricane  season,  but 
is  concentrated  primarily  during  other  times  of  the  year 
which  have  always  been  relatively  dry,  thus  magnifying  its 
effects  upon  supply. 

Projections  of  water  supply  and  use  indicate  that 
demand  may  be  expected  to  consistently  exceed  annually 
renewable  supplies  by  1990.   These  projections,  however, 
consider  only  mean  annual  rainfall  for  the  district  and  do 
not  account  for  temporal  variations  or  the  geographical 
distribution  of  rainfall.   Unusually  long  intervals  of  dry 
weather  or  a  concentration  of  rain  in  areas  where  it  cannot 
be  saved  for  future  use,  can  lead  to  water  shortages  in 
the  region  at  any  time.   The  entire  Peninsula  of  Florida 
is  at  present,  in  fact,  experiencing  a  drought  which  is 
contributing  to  water  shortages  in  areas  of  high  demand 
(Clary  &  Melton,  1981;  "Drought  .  .  .  ,"  1981;  "Everglades  . 
.  .  ,"  1931;  "Florida  Gets  Some  Rain  .  .  .  ,"  19  81 ; 
"Florida's  Spring  Drought  .  .  .  ,"  1981;  Hartman,  1 y 8 1  ; 
Jean,  1981;  Klein,  1931;  "Officials  Say  Drought  .  .  .  ," 
1981;  "Showers  Little  Help  .  .  .  ,"  1981). 
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The  study  of  hurricane  rainfall  patterns  has  shown  that 
although  significant  quantities  of  water  are  brought  by 
these  storms,  the  rainfall  from  individual  hurricanes  tends 
to  be  less  than  what  officials  of  the  South  Florida  Water 
Management  District  had  believed,  and  that  the  long  term 
rainfall  from  hurricanes  has  been  declining  in  recent  years. 
These  observations  have  significant  implications  for  water 
management  policies  in  the  district.   The  responsibilities 
of  the  Water  Management  District  include  the  intrinsic 
conflict  of  maintaining  storage  reservoirs  at  high  enough 
levels  to  assure  adequate  water  supplies  while  at  the  same 
time  keeping  levels  low  enough  to  prevent  flooding.   The 
information  about  rainfall  contained  in  this  research  could 
be  used  to  meet  these  conflicting  goals  more  efficiently  by 
providing  more  accurate  information  about  the  amount  of 
rainfall  that  may  be  expected  from  a  typical  hurricane. 

The  differences  between  estimated  water  supplies,  based 
on  the  first  thirty  years  of  the  study  period  compared  with 
supplies  based  on  the  second  thirty  years  are  significant 
but  minor  when  contrasted  to  the  rapidly  increasing  demand 
for  water  that  is  projected  during  the  next  fifty  years. 
This  indicates  the  importance  of  human  influence  on  the 
hydrolo.gic  cycle.   The  lowering  of  South  Florida's 
freshwater  table  has  been  more  affected  by  human  influence 
than  it  has  by  climatic  change  in  the  past  (Thomas,  197*0 
and  that  influence  will  become  more  pronounced  in  the 
future.   As  human  impact  on  the  hydrologic  cycle  becomes 
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greater,  the  need  for  effective  water  management  increases. 
As  population  and  the  demand  for  water  grow,  water 
management  policies  must  be  continually  re-evaluated  and 
new  means  to  enhance  supply  must  be  considered. 

Past  human  influence  on  the  hydrologic  cycle  in  South 
Florida  has  been  mainly  through  withdrawal  and  consumption 
of  water  from  ground  and  surface  sources.   In  the  future, 
atmospheric  moisture  may  be  influenced  as  well,  by  seeding 
cumulus  clouds  to  initiate  rainfall  or  by  modifying 
hurricanes  and  reducing  the  amount  of  rain  which  falls  over 
land.   The  full  consequences  of  these  actions  are  difficult 
to  fathom.   Continued  study  of  such  topics  as  discussed  in 
the  Water  Use  and  Supply  Development  Plan,  is  needed  to 
evaluate  more  fully  the  effects  of  human  influence  on  water 
in  the  South  Florida  Water  Management  District  and  in  many 
other  regions  where  mankind's  numbers  make  significant 
changes  to  the  water  budget. 


—  < 

Z  Z 

LU  

0.  < 

a.  cc 

< 


H          t*y  00000«—  OOOOvfiNOOON-  o  o  •—  I""* 

a.  —  m  o«-or^o»-o«-o«-oot-ooooooj 

to       en 

CO          •-  OOOOOOOOOOOOOOOOOOO 

13  .-  ■                                                * 

— i  en  en         •• 

-)   CM   ^-  CMCMOC-\CMO-3-»—  MD    —   OOLnOOr-'.OPOLn 

•K 

•  en  * 

I—  cm  en  j-^o<no~\r>»oirvr~>ooovOfMr«.vcr^or«.p^r^ 

a.    i    cm  ocM<n^-r<-»Lni>>.vDcsiLr\csi^r^.<rvvor,r»i,o\jOLr\ 

ui  r^.  en 

co  cm  •—  nWfinm^  invoo-a-  oon>-  roooe-v^- 

•  r-»  *   *                   •»                   *             -k             * 

J—   —  CO  Nnift(OSOONONN'-C\N\OmNi-0 

O.      |     CM  (Ni-NM^N«<Tl<MCOOOONNN>-OOI»> 

u-i  vo  en         

CO  »-  .—  t-  M(^^   NinvOO^^NONO^MJ-NONO 

•  CTvOO  OOlTiNNUMrM'^O'-'-CMmNlft^rCMA^-in 
O          CM  NfM(TivflvDNONNNfrIJ,OvO-4-eO'-  -3"   •— 

=>     I     Cn 

<\i-  -a-LnrA^rcOvOvOcMOOCMCOLAro^-roLnLncMvo 

—  -K  *            *    -it           * 

•  CM  MS  l/\MONNOinOO«NS>-frn-(\j(MOO 
►—     I     CM  0'-0\0(riNS^nMs.t-ONNNfrIO'-0 

OOCTi  

ONi-  OOOCMCMOLTVOOLnOOOLnOOOOCM 

CO  *                                *           -K    -K 

>-cmvo  j-m>-rvoeoi»\rsN  oj  wn  m\o  j-  n  itin 

-J     I     CM  OMWNlTlOONO»-    OM^^1    CI  Ch  ITl  O  -f    O  41 

Z3  \JD   en  

-)   N   <-  O^^^OvO^OtAO-3-r<^OOOCMCMO^ 

—  -K  -K                                ■)« 

«  cm  -a-  o^-cmvoco«— ^rv£>cocTvM3i —  o-jvc  tncocooo 

H-     I     CM  \OWvOCOCOUM\H04-ON4-^vON>-  r^^-  vD 

o  en  en         •» 

O  ^   «—  J-mNvDM/\00inU1OO'-N-»0C0OCnO 

Lf\-K  *-K                                        -iC-K-K                                * 

•  CM.—  O   rslftj'  CTivD  "  N  I —  incr\CTiC"*\OvJ30r~-0.— 
►—     I     CM  \CNl/\C0O'-(ACfMSNOO-3,J,\0<^'-vDO 

oj-cn         

ON--  J-K\U\t-NN-(^NOt^WNO',OvD^-N 

•  O  -K    *                                                      * 

t—  CA  O  CnNONvOMCf\\0   UMT\Cf\CONOOO   (TiO^ 

a.    i    cm  uMMiACOOtnocovON  ia\c  nwvb  i^n  u>>- 

LULTVCn 

W  N  <-  0'--,'-NO'-0',W-«0'-OOlAOrri 

l-ocn  r"-LnmvO\£>oooor-«—  o  ococovo  (Aon  in 

o_  ~  •—  cninoooLfMM-.-(r\4,ooinwcnNotr\rs> 

uJicn         

co  en »—  •—  ooooopaoo  —  ooooooooo 


•  < 

to  CJ 

Z  — 

o  o 
—  o 
I-  -I 
<  o 

H-  »- 

CO    «£ 


a:  o 

UJ    _l 
2   < 

z 

rv\  — 

CJ 
CC    — 

o  a: 
o 


■XL  — 

o 


< 
o  u. 


<  < 

-I  ce 

o 

a.  lu 
cc  > 

UJ    — 

I-  h- 

z  < 


<  o 

z  u. 
3  o 
o 

X  CO 
CO    >- 

< 

CO    Q 


—      < 


UJ 


LU    UJ 


<    CO 


O    CO  LU   CO    U 

sc        <Cuiujaa:a£OxLU 

>-  CC  JOCCDUJUJO-UJkJ  <    CO  o 

J—  <<  O  <   UJ   <  >-   —   LU  CC  X   — I  3:000 

—       — 0-3       _i  2:  _i  x  a.  i—  o  2:  _j  2:0 

«_>  O  O    LU    <J    CO  V)3-U-UUZ< 

<  Z  I—  _l  ec  _l  |—  hhuJluv)fflSa:id<h 
<->occ_iuj_icc:cc:cC2:_ico  <olu_jz 
cc><lu>ujooooco  —  <  —  oscccz3 

<<ocoujii.u.u.u.x-^J£iooa. 


< 

0 

> 

2: 

. 

cc 

< 

0 

t- 

< 

CM 

0 

CO 

0 

LU 

z 

O 

— 

Z3 

CO 

-J 

CO 

O 

— 

Z 

x: 

— 

119 


120 


x. 

cc 

o 

— .1- 

o  to 

ui 

Z    UJ 

—  a. 

I- 
z  _i 

O   _) 

<->  < 


<  — 
< 

X  cc 

o  UJ 

z  z 

UJ   < 

a.  t_> 
a.  — 

<  cc 


•  vX3  * 

t—  »-  lt\  -a"f*"»oo^-LTv\oo,iLr\ir»o«— j-\J3cr»r^.Lr>^^--3- 

a.    i-3-  -3-<Nio<rivO\or^cr>o<r»«— o<r\cr\Lrvoo^«r\vD 

uj-3-cn 

</j  «—  »—  N^cMft^rtr\N^^-uMwoj'— j-r^f-ow 

-a-  * 

UJCMLA  U\000'/M^-3'MvOsOCONOm'"M<r\vOO 

z    i  -a-  NcooNNOO'-inoriwovomo  u\oo  n^ 

=>  —  <ri        

-^   CN4  »—  CO(7\'-vC(MvONrsro»-CO--C>-J,l,aoOON 

CP.  -K                                                             * 

•  •-  -a-  \o<r\oovo<»M/\voiAir\'-  mianoo  n  n  o  <n 

h-     I     JT  mNJ-NOOOOUMAr-t-CO   (TlOO  CO    N   »•  ■*    LA 

UvC   (Ti  

O  »-  •—  CMJ-tAvOJ-<riUMf\^NCONf^ONvOCOI»*ilft 

•  ■—  ooioNO(rio<r\'-cMOO'-LfiNO'-u\^ 

I—  vO  -3"  >-OOOlAOO'-OsOOO*-r>->OOC\tOO 

c_>       <r»         

O          •—  OOOOLAOOOOOOOOOOOOOO 

CO  -X 

•  —»  o~\  cnr»-»-cr»-3-(*,iLnoosorx40o-i3-»— (T»vdct\laoo^ 
<j  i  ro  ■-CLni-LnoNcMj-Nr^vco^'-crivD'-Kiim 
=>  —  en         • 

<C   »-    •-  NU\NF-NNOO^O'-'-00'-frl'-'-N 

o 

>   MvO  OOWCNCOvDCOOCOlTiONvOO  (^vO   LftW 

_i    i    m  r^oooayrAvDLncM^CM — oo»—  cm  tr>  •-  cm  •— 

=>cncn         

-}   CM   »-  OOOOCMO»-CMOCMOC>»-  »-OOOCMO 

»  in  i/\  -a-^ru-vPoj-ocMrxooLnoo-a-oo-a-oo-a-LrvcA 

oicn         •• • •• 

Z-3-«-  OOOOOO  —  OOU^OOO-3-OOOOO 

•  CTl 

H  n  la  LA(Mj-r-vooo-3-r^oj-OLr\j,^rMLr\i/\.-  ir\ 

a.    i   c\  cm  o  o  m-a-  •—  r-~o-3-cnocMrooorovooocn 

ujoocn  •« • 

CO  CM  t—  ooooo  —  ooooooooooooo 

t—  en  m  OPoco-3-vjor^cNOrsiLA*-oaoirvvr)OOLrL.— 

cl        on  en  a~>  la  «—  r~\jOiAcr>LA'-vo-a"Lr\r»«-a-critncM'- 

tuicn 

W   N  <-  (^.I^J,ir\('\NNlT\'-»-'-frLVO(»,IJ,M»-   rri(M 

•  unco  ^cm^cmvO.—  ao»-c>>cr\r~.in»— «-c*"i»- cM-a--a" 
j—  m  sovocovo^oNLAj-^rNrsm^-MMj'j'iN  — 
o    i    en          

OM>-  0000<r"»CMvOO»-C*-\OOOlT\*-»-»-Of,n 

t—  \0   rr\  •-  O   LAT LTfMr>.(«MVCri>-\OCOJ-   —  OvOU\-3- 

0-            PA  OCTHNt-COlAOKM/MMOI^MrLLAOOlNOO 

ui  i  en    

lO  -a-  »-  LACTlJ-lv^vON'-LnOON'-'-lNOONMLTl 


• 

< 

CO 

c_> 

z 

— 

o 

o 

— 

o 

H 

_ 1 

< 

o 

t- 

t- 

CO 

< 

x 

>- 

— 

CD 

_j 

CC 

o 

< 

UJ 

_l 

z 

< 

z 

o-v 

— 

o 

cc 

— 

o 

a: 

< 

Q  U. 


<  < 

_i  oc 
o 

Q.  UJ 

CC  > 

UJ  — 


z  u. 
3  o 

o 

X  CO 

to  > 

< 
co  a 

UJ 

=>  UJ 

-j  cc 

<  o 

>  x 

•  cc: 

<  o 


UJ  CC  UJ  Z 

o   to  UJ   to   O  UJ   UJ 

^  <LUUOltLtOZUJ  >    LU 

>  OC  JQLt3UILU<h  UJUJ  <co 

(_  <<  13  <   UJ  <  >-   —   UJ  CC   X   — I  XOO 

—       —  a.  3       _i  x  _j  x  a.  i—  o  x  _i  :c  o 

<_)  O  OUJUCO  W3    -LU-IUUZ 

<z»—  _ i  cc  — i  i-  t—  i—  LuujcomXa:uJ< 

UOK  JU   _ I  tf  CC  K  X  _l  </)  <OLU  J 

cc><uj>ujOoooco  —  <  —  o  v;  a: 

<<CQaylLLuLLLLX-i:-JIIOO 


<  CO 

C3  UJ 

o 

Z  Q 

oc  X 

—  =3 

O  _J 

CO  _J 

«  < 

CO  u 

a. 

—  z 

< 

X  — 

I-  i- 

Z  CO 

13  UJ 

-tc  * 

a-  3 

-K 

O  CO 

LU 

=>  cc 

Z  LU 

—  a. 


<  — 
< 

X  cc 

a  lu 

Z  Z 

LU  < 

a.  o 

0.  — 

<  cc 


■a  *  -* 

.  *        -k  -K                                                           * 

h-  »-  O  OOl*Mf\MOWO-3,CM(T\UMfl'-OOrOinC0041 

w   i    m 

CO  <Tv  »—  vONNJ'vONinj'^NvOvOMCOj-ONN- 

I—   i    tr\  j-ooMAcM^rooooinoNLrivooNM'-j-w 

uvotn 

O  •—   •—  i-rO<NJr4,mNNlTlNO'--3'MLf\Np-J'ff\ 

—  onvONNO\OMO<riOOO(riOOvCON 

>-  r>«  in  unoO'—  ooooor-~ocvio»-oooo.- 

<   »—    CTV  • 

X            —  OOOOOOOOOOOOOOOOOOO 

OO 

•  •— o  j-ncovoj'OONco^rooi^voncocnuMnON 
(—  1  u\  i/\(*Mnir\o(^o<nvO(riooj'NiAf>ivo»-ooco 
olacd         • • 

O  *—  ~-  NlAj-  Si-  «—  J-   O  NN  CTiCO  N  ITimiAJ-  N  I — 

H-  vO  O  00(»>Mtnj-vOinN(^0>J-COvONK)rvoOJ,<X) 

Q.          LA  N(7>oc  O  N  N  r^lftC  I —  CvC  lAOvO  ITlNvO-T 

lu  1   at         • 

i/i  f\i-  m  cm  -a-  »—  m  cm  •—  -3-  in  »—  00  o  cm  <-  cm  —  vO  ncm 

ao  -K                                                    * 

•  cm  cr*  j-cofOfAocriocoNroNfOirirAOcovOr-s 
01-3-  coNOMM'-Lriocn'-  mroj-co  oco  fova  wco 

D\D   Ch 

<t  cm  •—  mer\-3"CO.-in-3-o-3-«—  j-u\»-cMj'rvLOr^L/\ 

•  laoo  LAor^-TOvoo.—  ltwo  o  »-  o  o  pa  »—  v£>  ca -3" 
(—  -3-  ocooooj-i/ioi —  cnmr-^-s-cArAoinooiArA 
<->    1    en         • 

o  -»■  —  >-o-,'-MNt-Nocri'-'-N\ON'-oNis 

.  CA  -K                                                                                -K                                -K 

I—  cm  co  co  mcnvD  L^f^oscocMin-yiricrivoj-'-oi — 

Q.     I    -3"  CO   CM   (TiCr\>B  MO    MJ-CO    r-NfM0ONa\O>Min 

LU  .-  en 

(rt  CM  •-  4,Mf*OOCOS(TlCO\ONJ-vONNOWvOlvM^ 

CM 

•  --I —  CMI^m(nof^Ol^lA<-CAN^-3'lf\C0C0i-O 

r-   1  -3-  roiAOJ-NO'-iricnrNON^ro-a-'-'-'-o 

o*-cn         •• 

O  ~-  •—  O  O  O  -3"  vO  »—  mONmOO'-WNNO,'-0 

■K 

.  00  * 

H-  •—  r*»  r-»  r-^  1—  o-TNON^xMinccnsoj-Mvo 

o.   1   -3-  1^0  nmco  c^cai —  rsN  N  co^r  j-  vo  -■  »-  en  r-» 

w  r^cn         • 

CO   ^-    ■—  CMAvO   N  WvO    NCO\D    1-    l»MAO    MlflJ-    WT 3" 

•  COM3  u^\^Lnr>«.cMCMOCOrAOin-3-r--.OOOcMCAOf'A 

h-       -3-  ir\3-oocorNroir>cr\votf\cofOi — i  o  mi^--  n 

o   i    en 

Ot*^»-  O'-'-OON'-O^N'-NOO'-'-N'-N 


121 


. 

< 

CO 

O 

z 

— 

o 

o 

— 

o 

K 

_j 

< 

o 

r- 

1- 

</> 

< 

3; 

>- 

— 

m 

_j 

cc 

o 

< 

LU 

_J 

as 

< 

z 

CA 

— . 

o 

cc 

— 

o 

cc 

o 

CM 

z 

2: 

— 

o 

cc 

_j 

Ll 

-j 

< 

o 

u. 

LU 

z 

H- 

— 

< 

< 

_l 

a: 

z  < 

—  _J 

LU  2T 

cc  r> 

<  o 


•3.  O 
o 

X  CO 

CO  >- 

CO  o 
LU 

O  LU 

_j  a: 

<  o 

>  z: 


<  o 

p- 

<  CM 


LU 


LU 


O  CO     LU  CO  O  LU  LU 

ic       <LULuoa:a:oxuJ  >  lu 

>  CC  JQCCDUUO-    LULU  <    CD 

H-  <<  O    <    LU    <    >-    —    LU    CC    X.    —I  ZOO 

—       —  a.  ;s       _ja:_i3:o.r-o2:_j  z  o 

O  O  OLUC3CO  I/13-UI-LJ0    2 

<zh-io:j(-l-HiuuJWcflra:iii< 
uocijujKKarjw  <colu_j 
c<:><lu>luooooco  —  <:  —  oiccc 

<<fflcauju.u.ij.u.r-^Jizoo 


O    LU 

z  o 

—  z> 


< 
I-  h- 

Z    CO 


122 


•  < 

co  <_) 


Q  CO 
UJ 

=3  ec 

z  uj 

—  C- 


O  —I 

o  < 


<  — 
< 

x  cc 

O  UJ 

z  z 

UJ  < 

0.  o 

Q.  — 

<  cc 


CTv 

•  »-  co  j-oo  N  moo  ir\ooom(Ti^NCOoocomi-  cr»  ci 
J—     I    v£>  \OOrsoOi-O^J-ir\vO'-W(r[U\CO(rlff\\DNN 

o\j3ct» 

O  ^  •—  j-(N'-ro(«>O(,>J-c>)iA(*\»-(^r^(M'-r0NC0 

•  iA\o  sX3fo^{Mr>4vocvicxDcr\Lf\^r*.o^oo-3-cM<r>crico 

0  i    m 

O  CM  •—  OOOO.—  OCiOO'-OOOP-V'-OOOO 

•K 

Ul  CTivO  00rs«i-00»-i-\0Ov0v00^.3'ON'-vON03 

Z         vO  4-  OvD  O-T  L0\0  1^00  4-  LT\  N  J-  N  •-   CM  <N  -3"   »— 

d   i   (n 

TOO   —  N   mN   N   N   PM —  N   mSlAN   CM    I —  r»"\  C\  CM   CM    LT% 

D—  ci  u-v  \ovOvoo--rN\ONvo<ncr\oo  ^r^-s-oo  nco  ui 

O-          vC  •-  (TlCT\>-  m-NJ'  OU\NO--OO(NNr««v0 

UJ     I     <T\ 

CO   r>»  »-  •-i-ONN'-fAO'-^OO'-vONf-OOC 

.  —  -3"  r-  r-MONOLftNOONOOtOOO"-  CiCO  «—  00 

t—     I    vJO  OOO«-CMOCr>OC0OC"*n"\or~»-m.a-C'"\OPr> 

uj-    (^  

0«-«—  O  O  O  CA  c\  O  •—  OOCMOOO«-OOOOCM 

O         J-  MvClArs(7itOMCO(nuMArNOO,\lv<vO(J\CTM — 

1  I    vO  NN^-TvOOOM^vONNNc 3"    CT»  CM  -3"  -3" 

O-  1^  CPi •• 

CO  CM  «—  o  o  o  o  o  «—  «—  000000000000 

.  -It 

\—  ~-  -3-  O(T\cO00Ou-\O»-\0r-^NJD00OOOCr\(T\Ov0 

Q-  »-  \J3  CON*OOOU>Olf\M3N  CA4  O  >-  O   in  d  M  O 

LU      I      (II 

CO  <X\  •—  o  <—  «—  ooooooo-a-Lnoooomoo 

00  * 

•  n  j-  o-3"cncnu"\Lr\cMcMvi3\c«—  invo  j-  co  in  <r>  cr>  o 
u   1  vo  Nvou^voo<^^vovo(n^lcou^N(J^vou^NvD-3• 

r>  \r>  en 

<C  CM  »—  1—  «-o«-o-a-u-\ow>'— OOOsOO-3-00-3- 


—   < 

u   o 

LU         CC     LU  Z         < 

Q  (/)     LU  (/I  U  UJ  LU     Q 

ii            <L)UIQKO:OIU  >    LU            CC 

cc        jos:3ijlu<i-uu  <C  oa        o 

<<       u<ui<>-iua:x_i  1000 

—  Q-3          -JZ-JXQ-f-OZ-l  IO 

O            O    LU    O    CO                            W    3    —    UJ  —    LUOZ< 
<Z»—    — I    CC    _J    >—   J—    »—    LULUMOOriCLUO- 

OOCC_IUi_JCCcCCC£_J</)  <  O   UJ   _ I   z 

oc><lu>uiooooco  —  <  —  o  ^  o:  d 

<<(DI&liJlLU.b.lLX-^J££Ooa. 


0  o 
—  o 


CO  < 

>-  — 

CD  -J 

cc  o 

< 

UJ  -J 

z  < 

z 
r^\  — 

o 
cc  — 
o  cc 

o 


< 

o  u. 

Ui  Z 


<  < 

_j  cc 
o 

o_  UJ 

CC  > 

UJ  — 

I-  I- 

z  < 


uj  X. 
CC  Z5 

<  o 


3  o 


CO  >- 

< 

CO  o 


< 

0 

> 

z 

. 

CC 

< 

0 

1- 

< 

CM 

Q 

CO 

O 

LU 

Z 

O 

— 

rs 

CO 

_ 1 

CO 

0 

— 

z 

Q  < 

z  ec 

LU 

0_  X 

a.  oc 

<  o 


cs   i    f\  wiao  wvo  o  o  (no^Neoj'  ^-  ivr>.oco\o 

z>  en  en         ...     

<  CM   «—  N>-^f-0>-NOO'-WNOOO'-n'-0 

o 

>■   wr«  lf\400n4'f-40vO'-  4-\0  O  rvr^MTir^vO 

—J   i   m  ONfotno^'-vouMVT.oomo'-ooovfl'-fo 

DM  (Ti  

-)  (M  •-  •-O^^r-NOOOON'-O'-'-O'-NO 

CM 

•  CM  \0  '-vCvO-a'ONfOO^OOOM — OO  OO  N^  »-  N  (*MT\ 

3  —  en         

<  CM  •-  OOOOOCMOOOm*—  o  o  «—  O  O  CM  O  »— 

un  * 

uj  •—  vo  i-^or^incor^f^tAO'-LfvNnNO'-eO'- 

z    i    m  oc\i-a-cnr-«.LrvvoLnvoo-a-Lrvm-3-»-Ln-3--a--3- 

Z5POO-, 

-}  <^-   •—  N'-Or-CONmON^Nr-rONNJ-J-MCTl 

>-  cm  -a-  vO(r>Ncovoooo\oN\Ovo\floNO(JM^i-  cm 

_J     I    pn  vC   04NO<-  >-vO  N  rOvD  MnM^  U\N\C  O 

r>  cm  en         • 

-J  (M  -  o  o  ■—  0«—  OOOOOCMCMO*-.—  OCMOO 

OO 

>-   CM  -3"  NOOO'-OMri\ON'-ONUMriN4-NOaNrO 

<C    I     t*~\  r^NO^OrONroMrNvOlSfriOOvOirMriCOOO 

x  \o  en         « 

CM    »—  O'-N'-OJ'O'-OOO'-J-MNWOON 

•  p/-i  cm  pncococMooco»-pnocn.—  LnLr\pacococO-y-a- 

13     I     <**>  pn^C1CMvOU"\vO'—  \C»— COOCnPOr-LTVCMCM-a- 

3  <n  en         « 

<  CM  •—  (MO'-Nm'--T00r-iriO<--3,Orr>-a-O-3,J- 

(—  OO  i-OCOJ'-Ti-vfiN'-'-NOO-JCOOCJ'- 

Q-  »-  r«"i  N(Tirvrvrv.i/\4-000MAC0'-\CP^NvOrr>OO 

Luicn 

WOO    »-  •-MNOOtn^L(\M'-OOvOr-  4N    O    WW 

-3"  * 

•  •-CO  O  OCO  UIO^^-T  •■  0O4  IA\ONO  N  OvflM  f> 
13     I     CM  rsyOMANlflCON  (Tl-a-\DCO\0  Mi-  O   N  <M  N 

ra  cm  en 

<  —   •—  CO«-CMCMLT\J-CM-a-»--3-OOrOC»^P^10CMCOO 

■K 

h-^vc  wi^(rii*\4,f>>v04,ooi/\'-t-oiriovOcoo<M 

Cv     I     CM  fAP^(Mv£)Cn-3-OOOOOr^OOOOOOOCM«—  CO 

LULTlCTl 

co  »-  •—  roiniorvooNocorN<r\i-(N\0(rtvoj-i^cova 

o       lt\  omNNrsNciON^W'-vflt^t-oM^rs 

I   I  CM  OvO(n004>-(MPst-(MNMNNCOJ>r^4,CM 

>  o  en    • 

z  m  •—  cM<McMOLTv-3-v£>-3"r--.vocMmcMsoo«--a-cM«— 


.  < 

CO  o 


O  C3 

—  o 


co  < 

a: 
>-  — 

00  _) 

< 


cc  — 
o  oc 


x  — 
o 

LL.  _l 

< 
o  u. 


O.  UJ 
CC    > 


H-  r- 
z  < 


a:  r> 

<  «-> 

z  u. 

3  o 
o 

X  CO 

CO  >- 

< 

CO  o 
UJ 

=>  UJ 

_J  CC 

<  o 
>  2: 


CJ 


UJ 


UJ 


o  </>   uj  co  o 
>-      oe    _ioocz3ujuj<»- 

V—  <<  13<U1<>-   —   UJOC 

—       — 0.3       -j  x  _i  x  o-  h  o 

o        o        ouioco  w  3 

<zi— _Joc:_Jt—  I— I— ujuj 

UOKJUJ. I    0£    CC    0£    X    _ I 

cc><ui>uioooOco 
<<eocauju.u.u.u.z  — 


< 

0 

UJ 

00 

z 

< 

m 

0 

UJ 

UJ 

UJ 

0 

z 

Q 

UJ 

> 

Ul 

CC 

X 

— 

rs 

UJ 

UJ 

< 

CD 

0 

_l 

CO 

_i 

3: 

_J 

X 

O 

0 

13 

< 

VI 

0 

X 

_l 

X 

0 

0. 

— 

2: 

— 

UJ 

— 

Ul 

O 

z 

< 

2: 

«— 

CO 

CG 

x 

CC 

UJ 

< 

H 

r- 

CO 

<. 

0 

Ul 

_ 1 

Z 

co 

— 

< 

— 

0 

*: 

CC 

D 

UJ 

* 

-K 

ii 

— 1 

x 

3; 

0 

0 

0_ 

3 

-K 

123 


\2k 


\-  < 
z  u. 
o  z 

o  — 

*-*  < 

CC 
CO 

2: 

X  cc 

—  o 
Q  l- 
z  co 
tu 

CL    —I 

a.  < 
<  «_> 


•  ci  cm  jr-Msrv.oou>J,N(TivOfriovDNoOf-(n 
od  lt\  ^-•iN\ovO(T\(»Mnoinif»vOj,ooj-vo\oi/\>- 
u   i   tn 

U-CN^-  '■-ONrO'-'-^W^OO'-ON'-O'-'- 

*         -tc 

•  Ci  «—  OlO  r-  i-  MO  IA4-  vfi-4-  OiTiCOCONMN-TO 

H       la  con-\oocM-Too("^i<r>o<r\-3-o~iocricMcoooo\ij 

o   i   en         

o  ~-  «—  wwo(s»->-wovOiMt-»-orriMri(M  <n-j 

•  vo  r»»  41  u>\o  oMflOoeovomvo  so  u\voovo  ovo 

Oto-y  • 

o  m>-  oo«— oo«-oo-3-oooo«-«— oooo 

h-  CM  r"-»  W(Ti0WNCM0>-vDf^(rHA0^CD0^4'ls' 

O.     1-3"  (Ti-?   MOMtn-S-'-vCOM^NCTMrwor^vOO"- 

LU   CM   CT\  •♦ 

00  CM  »—  ^Nt«\NJ-\Ot-(»>rOt-  ^-   •—   NON<-  CM   CM   CM 

O  -It 

•  CM  r».  CT\  I —  |s\OCM^OOi'-OM4-lM«!lftl^tDO'- 

u    1-3-  o  pa  i —  Nrsvc-NN^r»-(Ma]oo(<ioo^o 

Z3  <T\  CTi  .« 

<•-•-  OOOCNOOCMOCM^-»—   000«—   0«—   0«- 

■K 

•NvO  J-LnoUMArv-r^OiriNLriOINCNvCON-T 

OlC"\ 

Z^-~-  O  O   O  vo  «—  «—  «—  N(N<-O0»--Nf-OON 
-K 

I—  lt\  la  ON\flj-i»>riN\ooco4-N^ruMAO'-o<» 

UJtCTi  

CO    PA  •—  CM    •—    —    CMLACM-3-»-LA»-CM«—    •—   CM    «—    •-    O    N  M3 

•  CM   »—  U\J,NmvO4,vO0O   OOvfl,-4,»-\OOONeO 

I—   i  -s-  r>«cnr--.p~.LAcri\o---3-cMPAvOLAr-~sopA-3,o"\«— 

umti 

O  »-  «—  i-f-O^'-COI^OMNNNOONUM^O- 

I—  •—  •—  I —  NLrM/MJM^mf-ONN-3,'-vOO*Ol^ffl|N. 

O.     1-3"  3-  WvO  MvD   r^OO  kANtN^UMTlvOlAvOtnMO 

LU    LA   CP. 

CO  »-  »-  •—  OOPAOOOOLA-3-1—  •—  00«—  0.-CMCM 

•  PA  O  iflO  »■  rso  O-f-?  >-  la-3-paopapaopa.—  o 
C3  -a-  o>-mmoovoooo^rofONK)\oiriwa) 
d    i    <r\         

<C  CM   •—  ^  O   »-  O   O   O   •—  -3"   CM   •—  O   CM   «—  O   O   O  O   CM   «— 

•  »—  CO  vDvCN^0N'-OI'»v£U\O("ON»-S(SON 

t—   i    pa  voi — mj-  m^mNoo  IAN4-  o  m\d  mm  o  w 

OMffi  


.  < 

CO   O 

z  — 
o  o 
—  o 
H  -i 

<  o 

h-  y- 

oo  <t 

3; 

>-  — 

CO  —I 
CC  (_> 

< 

LU   -J 

z  < 

PA   — 

o 

CC  — 

o  a: 
o 

CM 

z 
3:  — 
o 

o£  _l 
U I 

< 


a.  lu 
oi  > 

UJ   — 


LU  S 
OC  Z3 
<    O 


LU 


LU 


Q    1/1  LU    00    O  LU    LU 

^  <LULUOC£C£QZLU  >    LU 

>-  C£  JQC£DUJIU<)-UU  <    CO 

t—  <<  t3    <    LU    <    >-    —    Utf    £    J  XOO 

—       —  a.  3       jz  JZLho::  j  z  o 

O  Q  OUUl/l  (/13-UJ-1JU2 

<    Z    t—    —ICC—ll—    (—    t-LULULODQZ0CUJ< 

uoo:jLjjD:a:a:z_iirt        <olu_i 
c£><uj>ujooooco  —  <  —  ovia: 

<<a303UjU.U.LLU.I   —    !*Z    _l   X    X    O    O 


a:  2: 
o  —1 
0  < 


X 

CO 

CO 

>- 

< 

CO 

0 

LU 

rs 

LU 

_j 

a: 

< 

O 

> 

2: 

cc 

< 

0 

H- 

< 

csl 

O 

CO 

C3 

LU 

Z 

a 

— 

13 

CO 

-J 

CO 

O 

— 

Z 

2: 

— 

125 


—s  CC 
LU    Q- 


CJ  — 
CO 

£ 

x  a: 

—  o 

Q  »- 

2  CO 

UJ 

a.  -j 

o.  < 

<  c_> 


•  OOO  NO-3'0<-0'-0  CTvD  OOvOff>NOI*MI>N 
CD  r-  vO  O   O   O  -S-   O   »-  •—  (Ti\OM00400Ni-  O  f-» 

ID     I     CT< 

<<Tv«-  OOOOOCMCMO*-.—  OOO.—  OOOOm 

o 

uj  n  co  — F-iAr»cDpocr\--vo»-  mcn-Tj'  (^^r  mj-  ^» 

zji^-ct. 

-)  w-  r-  .—  o   —  •—  ■—  —  <Nr<^— -\£>   —  f  I-41  •-  '-4'  mm 

uj\o  oo  ineooONvONU\<N\OP^cncMnco<NvB<,ri'-rri 

2          vD  O(T\»-00ir\J-v0(N'-NfriC0NNN\i)vD^'W 

D    I     (7\  

-j  cm  »—  co  MnmuMA^-vo  r»mr«co  mj-^-  loovo  in 
•K 

hOO   S  000<,r>Ocs!00-3-Ocr>00'—   «—  O  CO  O  CI 

Q.          vO  O   O   O   O   O   CM  •—   0-3"0«^r^OOOO— -OLA 

u   i    en 

(/>r^.—  ooocoooooooooooo^-oo 

ujvo-3-  wwr-  i^.o-3'OiACOco<,r>j-cncorsMu\N'- 

2         vO  Ol —  0»-CMcr>Lr\.—  Lnl^(TivO-3-*-CO-yc',,'\cocT\ 

=>io->         • 

-J   Lf\  »-  p-OO^mF-^i-ONNNN^NON'-N 

\D  -te 

•  cm  cm  en  r~~  •—  en  i —  ^rvrNoocnvoNNCONj-Ni-in 
<j    i   vo  Lnr^iLnrocTicrvcvjr-^'-o.—  ur\u>—  tnoooooocn 

Z3  -3"   Cn 

<CM«—  OOOOO.—  0«—  00.-.-OOOCM.-00 

t—   CM    O  N^NJ-irwONv^UM^NCTyfOl^i-MI 3"   CM 

a.    i  vo  vooNor^cMcMr^r^r^.—  lo  •—  m-j  nooon 

LU    r-     CT-v 

(/)  <N   -•  om^mminvD^0Mri^mot^'--3'^frl\0 

o 

LU  CM    CTi  -3"    LOCO  CM    «—  CO   O   Cn  CM    •—  QOCO   N   enmo   N    (TlCO 

2    i    lt\  mm^-in\ocnuMni-vcoco^rNOminp-co 

3vCO> 

-»»-•—  t-SvOSONNmmvO-J^CONI —  COLAOOO 

•  o  «  4-comomcooN  W4-  (T;  Lft  M  CfiNOO  Ovfl  (Ti 
I—  —  ur\  4»-oinom^ocn>fl'-cr>oNNiAf~.OfM 
<_>    i    en          

Of>-^-  COJ-NWNir\ClUM»>mr-^j-mvOmOI —  CM 

.  m  r^>  crijro«-incTMAr^oo(r\cncoif\j-r^j-j-N(,r\ 

H-       ia  ^-so»-vO'-»-cM-3-CTNvo-a-r-^r»«.-3-cM^-r^o-3- 

o    i    a\  ................... 

Ol»\i-  OOOOOf^rAOO*—  OOOCMO"— •  «—  OM 

•  mm  ^mcM^\o^uAr^en^coLr\encMcncocooco 
o  i  in  j-cr»c^Lr\cr>r>.PAcMcM.-f,^.-cMCMOO(riLrvr»cM 
3Ncn 

<  CM  .—  ^■N^-^NCO^O'-'-'-Nmj-J-NPM^^jr 


. 

< 

co 

<_> 

2 

— 

O 

C3 

— 

O 

h- 

-J 

< 

o 

1- 

H 

CO 

< 

2: 

>- 

— 

GQ 

— 1 

CC 

0 

< 

LU 

_j 

2 

< 

2 

rr\ 

— 

O 

cc 

— 

O 

CC 

0 

CM 

2 

2: 

— 

o 

CC 

_ 1 

u. 

— 1 

< 

c 

Lu 

a.  lu 

a:  > 

LU  — 


LU  Z 

CC  •=> 

<  O 


1*  o 
o 

x  CO 

to  >- 

< 

co  o 

LU 

=3  LU 

_l  OC 

<  o 
>  2: 

•>  a: 

<  o 


—   < 


a  co    uj  co  o  lu 

iC        <uiiiQaa:oiLj  > 

>-  o;        _iqb:duju<i-  lulu        < 

H     <<     C3  <  LU  <  >-  —  LUOCX— I     X 

—   — 0.3   _i2:_i£a.h-o2:_j 

<->     Q     O  LU  C3  CO  CO  3  —  LU  —  LU 

<  2  1— 1  a:  _J  J—  I—  I—  LU  LU  CO  CQ  Z  CC 

UOK  JIU. lOCCCOCX— ICO  <o 

a:><ui>Lioooovi-<t-o^^3uj 

<<ffiISIiJU.L.L.li.X-^JI£OOIL2 


<    CD 

O    LU 

O 

2    O 

ce  2: 

—   Z5 

O    -1 

CO    — 1 

O   < 

CO   0 

<  I-  h- 


126 


a  lu 
lu  a. 

Z2 

Z  -1 

—  -J 
I-  < 
2  U. 
O  Z 
O  — 
^— < 

ec 
m 

5C 

X    CC 

—  o 

CI   1- 

Z  to 

LU 

a.  -i 

Q.   < 

<   O 


<T>  -It 

•  —  \o  NNo-a'ooo'-coj-i^oovciricnNoovONf^ 

CD     I     r^  Lrtt-  O  (71  N\0  03  Sr-  vOOO»—  CO  LT\  CO  -T  \£>  0"\ 

3MJ\  

LU   CM    LA  ONN4,ONNOO\ON4,NNin'-NN(r\ 

Z     I     f"»  OLAOvDOmvDOOLALT\r»>»—  POCNOO*—  o 

rs  vo  <ri         • 

"T>  OJ  .—  OOOOOOOOOCMOOOO»-0000 

•  r^-a-  uMrtr-j-^coiANLOMN-j'-coo'-'-  csicrv 
>—       r->.  cooLr\omooo»— cMcsior^LfNr^^rom 

u   i   m         .    .    .    . 

o\o«—  ooooo»-r^orMoooo'— oooo-a- 

oo  *  *                                               * 

lu  cm  -a-  Lf\ooMM'-»-t->-NMN»-vDO(M(r\\oj-(ri 

Z     I     l*>»  >-l»>NNOOir\vO\DC'-rrlvOON4,NNj-CO 

Z3-3-CTV  • 

n  N  •-  00  O  UMflJ-   mo  ffl-?  >-  0"»r^0«—  \C-?  O  N  >- 

t—vOcM  WNNOOmOOCiOOOlflOO'-NN 

a.       r-»  cm  •—  ooltvo^oo*—  oocoooooo 

ujicn 

co  -a-  •—  ooooooooo-— ooo»-ooooo 

CM  -K 

•  •—  »~  <7im-TO\oj-iftf-eovccMooocoJ-oooNLn 

C3     I     !"■»  NNI^OvO(J\vO'-'-ON^Lr\Nrv(ri^(v|^ 

Z3   O  <T\  • 

<«—  •-  O  •—   OOCMOOCMO-—  00»-  O   •-   O   O   CM   O 

* 

H-cmo  «**>cNcrifMLr\\r>-3-cMvo\ooor~-Lnr^vi)OLr\cNi 

a.    i   f>»  N(MOj,'-LAcooMrNO'-<-i/\orNO'-N 

ui\D  en 

CO  CM  ■—  ooooooooooooooooooo 

-tt 

fr-  ^  O  l/\ODiriNlftOv0rN00vi)N(M\O!X)M(^'-INv0 

o_    •    r«.  covOLncor>.vOLr\-a-Lr\socMf,"*OLncM\i}-a-cM-a- 

LU    er\  <T\ 

CO  »—  •—  00000«—  .—  -3".—  OOOOLf\0«—  OOCM 

•  -3"   0">  I — ■  CM  -a-  CO    i—    OMf\CM|V(MOf>COOO(T\(riLn<-   «— 

(—       vo  <—  ^-\o^crv«v>cMcr\o<,^»-r~»Lr\o<riLf\ocrio 

o   i    en         • 

■n 

t— I —  cr»  NNOinvo  inOLr\orxovO-3"oo^(v>aMT\(^ 

Luiat 

iflvO   »-  OOOOOOOO"—  O  — ■OO'-OOOO"— 


•  < 

CO  o 


O  CD 

—  o 


to  < 

2: 
>-  — 

00  —I 

ec  <_> 

< 

LU  _j 

z  < 

z 

c*i  — 

cc  — 

o  cc 


< 


<  < 

_)  a: 
O 

CL.  LU 
CC  > 

LU  — 
t-   I- 

z  < 

—  _J 

lu  z: 

cc  => 

<  o 


3=  o 


CO  >- 

< 


_j  cc 
<  o 

>  2: 


—   < 

CJ     Q 
LU        CC     LU 

a  co         lu  co  u 
i£        <luluOccccoxlu 

>-  CC  _jOCC=3LULU<|—    LULU 

I—        <<       c3<lu<>-  —  ui  a:  r  - J 

—  —  O.   3  _JZ_1XQ-|-02:_J 

O  Q  OLUC3CO  CO    ^    —    LU 

<    Z    »—   _J   CC    _lt—   t—    I—   LULUCO0Q 

OOCC_JLU_JCCCCCCX_ICO 

CC><Cuj>LUOOOOCO    —   <c 

<<camuJii>ii.iuu.x—  sc_i 


< 

LU 

z 

< 

CO 

LU 

LU 

0 

> 

LU 

CC 

2: 

< 

ca 

0 

—I 

X 

O 

O 

0 

< 

X 

O 

Q. 

— 

LU 

0 

z 

< 

X 

CC 

LU 

< 

1- 

1- 

< 

O 

LU 

_l 

z 

co 

— 

O 

^ 

CC 

rs 

LU 

3: 

2: 

O 

0 

a. 

3 

<  o 

I- 

<  CM 


O    LU 
Z    Q 


CO   <_) 

2:  — 


REFERENCES  CITED 


Alaka,  M.A.  Climatology  of  Atlantic  Tropical  Storms. 
Washington,  DC:  U.S.  Department  of  Commerce,  Weather 
Bureau,  1968. 

Anderson,  L.C.   Application  of  Economic  Analysis  to 
Hurricane  Warnings  to  Residential  and  Retail  Activities  in 


the  U.S.  Gulf  of  Mexico  Coastal  Region. 
Miami,  School  of  Marine  Science,  1972. 


Un  i  ve  rs  i  ty  of 


Benson,  M.A.,  &  Gardner,  R.A.   The  1971  Drought  In  South 

Florida  and  Its  Effect  on  the  Hydrologlc  System. 

U.S.  Geologic  Survey,  Water  Resources  Investigation  1 2-74, 

197*. 


Bowden,  M.J.  Hurr 1  canes  i  n 
St.  Thomas,  Virgin  Islands: 
1974. 


Parad  i  se.   Charlotte  Amalie, 
Island  Resources  Foundation, 


Braham,  R.R.  Jr.,  6  Neil,  E.A.   Modification  of  Hurricanes 
Through  Cloud  Seeding.   Washington,  DC:   U.S.  Department  of 
Commerce,  Weather  Bureau,  National  Hurricane  Research 
Project,  Report  16,  1958. 

Brinkmann,  W.A.R.   Hurricane  Hazard  in  the  United  States. 
Boulder,  CO:   University  of  Colorado,  Institute  of 
Behavioral  Science,  1975. 

Bruun,  P.;  Tsao-Yi,  C;  Gerritsen,  F.;  6  Morgan,  W.H. 
Storm  Tides  in  Florida  as  Related  to  Coastal  Topography. 
Gainesville,  FL:   University  of  Florida,  Coastal 
Engineering  Laboratory,  1962. 

Clary,  M. ,  S  Melton,  E.   "It  Rained,  But  Water  Shortage  Is 
Not  Over."   The  Miami  Herald.   (May  8,  1 9 8 1 )  :  sec.  A   p.  1. 

Coastal  Engineering  Department,  University  of  Florida. 
Major  Hurricanes,  20th  Century  Florida  (1906-1951)  . 
Unpublished  research  map.   Gainesville,  FL:   1951. 


127 


128 


Cry,  G.W.   Effects  of  Tropical  Cyclone  Rainfall  on  the 
Distribution  of  Precipitation  over  the  Eastern  and  Southern 
Un  i  ted  S  tates .   Washington,  DC:   U.S.  Department  of 
Commerce,  Environmental  Science  Services  Administration, 
ESSA  Professional  Paper  1,  1 96 7 . 

"Dominican  Republic  Is  Drowned  Again."   The  Miami  Herald. 
(September  7,  1979):  sec.  A   p.  12. 

"Drought  Big  Headache  For  Florida  Water  Chief." 
Gai  nesvi 1 1 e  Sun .   (May  13,  1 9  8 1 )  r  sec.  C   p.  2. 

Dunn,  G.E.   Fl or i  da  Hu  r r i  canes .   Fort  Worth,  TX:   U.S. 
Department  of  Commerce,  Weather  Bureau,  Southern  Region, 
ESSA  Technical  Memorandum  WBTM  SR-38,  1967. 

Dury,  G.H.   "Likely  Hurricane  Damage  by  the  year  2000." 
Professional  Geographer   29  (August  1977):  25^-258. 

"Everglades  Ecology  Endangered."   Ga  i  nesvi  lie  Sun .   (May  3, 
1981):  sec.  D   p.  2. 

Fassig,  O.L.   "Discussion  of  Tropical  Cyclones."   Month  1 y 
Weather  Review   57  (1929):  331. 

"Florida  Gets  Some  Rain,  But  Only  to  the  South." 
Ga  i  nesvi  1 1 e  Sun.   (May  6,  1  9  8 1 )  :  sec.  D   p.  1. 

"Florida's  Spring  Drought  Expected  to  Continue." 
Gai  nesvi lie  Sun .   (May  3,  1 9  8 1  )  :  sec.  D   p.  2. 

Friedman,  D.G.   Computer  Simulation  in  Natural  Hazard 
Assessmen  t .   Boulder,  CO:   University  of  Colorado, 
Institute  of  Behavioral  Science,  1975. 

Gentry,  R.C.  A  Study  of  Hurricane  Rainbands.  Washington, 
DC:  U.S.  Department  of  Commerce,  Weather  Bureau,  National 
Hurricane  Research  Project,  Report  69,  1964. 

Goodyear,  H.V.   Frequency  and  Areal  Distributions  of 
Tropical  Storm  Rainfall  in  the  United  States  Coastal  Region 
on  the  Gulf  of  Mexico.   Silver  Spring,  MD:   U.S.  Department 
of  Commerce,  Weather  Bureau,  ESSA  Technical  Report  WB-7, 
1968. 

Gray,  W .  M .   Feasibility  of  Beneficial  Hurricane 
Modification  by  Carbon  Dust  Seeding.   Fort  Collins,  CO: 
Department  of  Atmosphere  Science,  Colorado  State 
Un  i  vers  i  ty ,  1973. 


Griggs,  W.   "Water--A  Neglected  Resource."   Geoscope. 
1  1  (December  1979)  :  1-10. 


129 


Haggard,  W.H.,  &  White,  H.S.   North  Atlantic  Tropical 
Cyclones,  1886-1958.   Washington,  DC:   U.S.  Department  of 
Commerce,  Weather  Bureau,  1959. 

Hamrick,  R.L.   "South  Florida's  'Unmanaged*  Resource." 
I  n  Depth  Report.   Central  and  South  Florida  Flood  Control 
District   1  (Apri 1  1972)  :  1-12. 

Hartman,  D.   "Lack  of  Rainfall  Poses  Few  Prob 1  ems-- For 
Now."   Gainesvi 1 1e  Sun.   (May  13,  1981):  sec.  A   p.  1,  10. 

Healy,  H.G.   Public  Water  Supplies  of  Selected 
Municipalities  in  Florida.   Tallahassee,  FL:   Florida 
Bureau  of  Geology  Information  Circular  81,  1972. 

Hebert,  P.J.   Hurricane  Forecaster.  Personal  interview  at 
National  Hurricane  Research  Center,  Miami,  FL:   June  16, 
1980. 

Hebert,  P.J.,  &  Taylor,  G.   The  Deadliest,  Costliest, 
and  Most  Intense  United  States  Hurricanes  of  the  Century . 
Coral  Gables,  FL:   U.S.  Department  of  Commerce,  National 
Hurricane  Center,  NOAA  Technical  Memorandum  NWS  NHC-7, 
August  1978. 

Isaacs,  J.   Precipitation  Regimes  of  Florida:  Spatial 
Analysis  and  Time  Series.   Master's  Thesis,  Gainesville, 
FL:  University  of  Florida,  Dept.  of  Geography,  1980. 

Jean,  C.   "Just  a  Sip  Left:  Lake  Okeechobee  So  Low  That  Its 
Flow  of  Water  to  Southeast  Florida  May  Halt."   (Orlando) 
Sentinel  Star.   (May  20,  19  81) :  sec.  A   p.  1,  3. 


Kazmann,  R.G.   Modern  Hydrology.   New  York,  NY 
Row,  1972. 


Harper  & 


Khanal,  N.   Predictive  Water  Demand  Model  for  Central  and 
Southern  Florida.   West  Palm  Beach,  FL:   Central  and 
Southern  Florida  Flood  Control  District,  Technical 
Publ icat  i  on  76-2  ,  1976. 

Klein,  G.   "Water  Woes  Put  Squeeze  On  Bay  Area."   The  Tampa 
Tribune.   (May  7,  19  81) :  sec.  A   p.  1. 

Kreitman,  A.   Director  of  Groundwater  Division,  SFWMD. 
Personal  interview  on  March  25,  1981. 

Krupensky,  R.,  &  Weismantel,  W.   Envi  ronmen tal  I mpact 
Rev?  ew.   Gainesville,  FL:   Mimeographed  paper,  Department 
of  Urban  and  Regional  Planning,  University  of  Florida, 
19  79. 


130 


Langmuir,  I.;  Schaefer,  V.S.;  Vonnegut,  B.;  Maynard,  K. ;  6 
Smi th- Johannsen ,  R.   First  Quarterly  Progress  Report. 
Project  Cirrus.   Schenectady,  NY:   General  Electric 
Research  Laboratory,  19^7. 

Leach,  S.D.   Freshwater  Use  in  Florida,  1975.   Tallahassee, 
FL:   Florida  Bureau  of  Geology,  Map  Se  r i  es  8~7 ,  19  73a. 

Leach,  S.D.   Source,  Use  and  Disposition  of  Water  in 
Florida,  1975 .   U.S.  Geological  Survey,  Wa te r- Resou rces 
Investigation  78-17,  1978b. 

MacDonald,  J.D.   Condomi  n  i  urn.   Philadelphia,  PA:   J.B. 
Llppincott  Company,  1977. 

Malkus,  J.S.   "The  Origin  of  Hurricanes."  Scientific 
Ameri  can   197  (August  1957):  33-39. 

Malone,  J.   "Storm  Call  Was  Off  by  100  Miles."   The  Miami 
Heral d.   (September  k,     1979):  sec.  A   p.  1. 

Markowitz,  A.   "340,000  Flee  Gulf  Coast."   The  Miami 
Herald.   (September  13,  1979):  sec.  A   p.  1. 

Miller,  B.I.   "Rainfall  Rates  in  Florida  Hurricanes." 
Monthly  Weather  Review.   86  (July  1958):  258-264. 

Miller,  B.I.   "Characteristics  of  Hurricanes."   Sci  ence 
157  (September  22,  1967):  1389-1399). 

Milton,  D.   The  Rainfall  from  Tropical  Cyclones  in  Western 
Aust ra li  a .   Working  Paper  of  the  Department  of  Geography, 
University  of  Western  Australia,  No.  13,  August  1978. 

Neumann,  C.J.;  Cry,  G.W.;  Caso,  E.L.;  6  Jarvinen,  B.R. 
Tropical  Cyclones  of  the  North  Atlantic  Ocean-- 1  87  1  -  1  9  77". 
Ashville,  NC:   U.S.  Department  of  Commerce,  National 
CI i  mat i  c  Center,  1978. 

Niddrie,  D.L.   "Hurricanes."   The  Geographical  Magazine 
37  (July  1964) :  228-234. 

N0AA.   Environmental  Impact  Statement:  Hurricane 
Modification  Research  (Project  Stormfury).  Rockville,  MD: 
U.S.  Department  of  Commerce,  National  Oceanic  and 
Atmospheric  Administration,  1971a. 


N0AA.   Some  Devastating  North  Atlantic  Hurricanes  of  the 
20th  Century.   Rockville,  MD:   U.S.  Department  of  Commerce, 
National  Oceanic  and  Atmospheric  Administration,  1971b. 

N0AA.   Hurricane  Research  Progress  Report.   Coral  Gables, 
FL:  U.S.  Department  of  Commerce,  National  Weather  Service, 
National  Hurricane  Center,  1972. 


131 


NOAA.   Hurricanes,  Florida  and  You.   Coral  Gables,  FL:  U.S. 
Department  of  Commerce,  National  Weather  Service,  National 
Hurricane  Center,  1976. 

NOAA.   Environmental  Impact  Statement  for  the  Hurricane 
Amelioration  Research  Project.   Rockville,  MD:   U.S. 
Department  of  Commerce,  National  Oceanic  and  Atmospheric 
Administration,  1978. 


NOAA.   Weather  Radio  broadcasts  during  Hurricane  "David," 
Gainesville,  FL,  September  1979. 

"Officials  Say  Drought  Might  Cause  Layoffs."   Ga  i  nesvl  1 1 e 
Sun.   (May  13,  1981):  sec.  C   p.  2. 

Paredes,  J. A.   "Hurricanes  and  Anthropologists  in  Florida." 
The  Florida  Anthropologist   31  (June  1978):  1,  44-51. 

Pride,  R.W.   Estimated  Use  of  Water  in  Florida.  1970. 
Tallahassee,  FL:   Florida  Bureau  of  Geology,  Information 
Ci  rcular  83,  1973. 

Pride,  R.W.   Estimated  Water  Use  In  Florida,  1965. 
Tallahassee,  FL:   Florida  Bureau  of  Geology,  Map  Series  36, 
2nd  ed.  ,  1975. 

"Project  S tormf ury--Tami ng  the  Wild  Hurricane."   Newsweek 
78  (September  20,  1971):  62-63. 

Riehl,  H.   "On  the  Origin  and  Possible  Modification  of 
Hurricanes."   Science   141  (September  13,  1963):  1001-1010. 

Schoner,  R.W.,  5  Molansky,  S.   Rainfall  Associated  with 
Hur r  ?  canes .   Washington,  DC:   U.S.  Department  of  Commerce, 
Weather  Bureau,   and   U.S.  Department  of  the  Army,  Corps  of 
Engineers,   National  Hurricane  Research  Project  Report 
Number  3,  1956. 

"Sci ence--Meteorology ."   Ti  me   82  (August  16,  19  6  3)  :  37. 

Shahane,  A.N.;  Berger,  P.;  &  Hamrick,  R.L.   The  Development 
of  the  Operational  Water  Quantity  Model.   West  Palm  Beach, 
FL:   South  Florida  Water  Management  District,  Technical 
Publ icat ion  77-5,  1977- 

Shahane,  A.N.,  &  Hamrick,  R.L.   "Useful  Modeling  Concept 
for  the  Flood  Control  District  Water  System."   In  Depth 
Report.   Central  and  South  Florida  Flood  Control  District 
2  (September-October  1974):  1-4. 

Shih,  G.   "Use  of  Hybrid  Computer  Model  in  Resource 
Planning."   In  Depth  Report.   Central  and  South  Florida 
Flood  Control  District   3~~(February  1976):  1-4. 


132 


"Showers  Little  Help  to  Central  Florida."   Gai  nesvi 1 1e  Sun. 
(May  8,  1981 )  :  sec.  B   p.  6. 

Simpson,  J.   "An  Experimental  Approach  to  Cumulus  Clouds 
and  Hurricanes."   Weather   22  (March  19&7):  95-114. 

Simpson,  R.H.   "Curbing  Hu r r i canes--The  Chances."   U.S. 
News  and  World  Report   67  (September  1,  1 9 69 )  :  34-36 . 

Simpson,  R.H.;  Ahrens,  M.R.;  &  Decker,  R.D.   A  C loud 
Seeding  Experiment  in  Hurricane  Esther.   Washington,  DC: 
U.S.  Department  of  Commerce,  Weather  Bureau,  1 9 6 3 . 

Simpson,  R.H.,  &  Lawrence,  M.B.   Atlantic  Hur r i  cane 
Frequencies  Along  the  U.S.  Coastline.   Fort  Worth,  TX : 
U.S.  Department  of  Commerce,  National  Weather  Service, 
Southern  Region,  NOAA  Technical  Memorandum  NWS  SR-58,  1971. 

Simpson,  R.H.,  &  Simpson,  J.   "Why  Experiment  on  Tropical 
Hurricanes?"   Transactions  of  the  New  York  Academy  of 
Sciences   2  8  (1966) :  1045-1062. 

Smith,  L.   "The  Challenge  of  Water  Management."   In  Depth 
Report.  SFWMD   5  (March  I98O):  1-12. 

South  Florida  Water  Management  District.   Water  Use  and 
Supply  Development  Plan.   West  Palm  Beach,  FL:   SFWMD, 
1978. 

South  Florida  Water  Management  District.   Water  Management 
Bui letln   5  (Fall  1979):  5. 

South  Florida  Water  Management  District.   Facts  and  Figures 
About  the  South  Florida  Water  Management  District.   West 
Palm  Beach,  FL:   South  Florida  Water  Management  District 
1980. 


South  Florida  Water  Management  District.   Unpublished 
data  for  combination  observation  well  and  rain  gauge 
installations.   Courtesy  of  E.  Gallego,  March  1981. 

Spangler,  D.   Associate  Professor  of  Geology.   Personal 
communication  at  University  of  Florida,  Gainesville,  FL, 
Feb  ruary ,  1981. 

Storch,  W.V.   "Budget  Reflects  State  of  Water  Resources, 
Demands."   In  Depth  Report.   Central  and  South  Florida 
Flood  Control  District   1  (January  1972):  2-12. 

Storch,  W.V.   "A  'Rough  Cut'  Model  of  the  South  Florida 
Water  Supply  Plan."   In  Depth  Report.   Central  and  South 
Florida  Flood  Control  District    1  TDecember  1973):  1-12. 


133 


Storch,  W.V.   "Water  Management  During  Drought  Events." 
In  Depth  Report.   Central  and  South  Florida  Flood  Control 
District   2  (April  1974):  1  —  U . 

Sugg,  A.L.   "Economic  Aspects  of  Hurricanes."   Monthly 
Weather  Review   95  (1967):  143-146. 

Sugg,  A.L.   "Beneficial  Aspects  of  the  Tropical  Cyclone." 
Journal  of  Applied  Meteorology   7  (February  1 9  68 )  :  39-45. 

Sugg,  A.L.;  Pardue,  L.G.;  6  Carrodus,  R.L.   Memorable 
Hurricanes  of  the  United  States  Since  1873.   Fort  Worth, 
TX :   U.S.  Department  of  Commerce,  National  Weather  Service, 
Southern  Region,  NOAA  Technical  Memorandum  NWS  SR-56,  1971. 

Tannehill,  I.R.   The  Hurricane.   Washington,  DC:   U.S. 
Department  of  Agriculture,  Miscellaneous  Paper  197,  1938. 

Tannehill,  I.R.   Hur r i  canes .   Princeton:   Princeton 
University  Press,  1952. 

Theissen,  A.H.   "Precipitation  Averages  for  Large  Areas." 
Monthly  Weather  Review    39  (1911):  1 082-  10  84. 

Thomas,  T.M.   "A  Detailed  Analysis  of  C 1 i ma  to  1 og i ca 1  and 
Hydrological  Records  of  South  Florida  with  Reference  to 
Man's  Influence  Upon  the  Ecosystem."   in   Gleason,  P.J. 
Environments  of  South  Florida:  Past  and  Present.   Miami, 
FL:   Miami  Geological  Society  Memoir  2,  1974. 

Toomey,  J.W.,  Jr.,  6  Woehlcke,  L.C.   An  Analysis  of  Water 
Requirements  and  Water  Demands  for  the  South  Florida  Water 
Management  District.   West  Palm  Beach,  FL:   SFWMD  Technical 
Publication  79-3,  1979. 

U.S.  Congress.   Senate.   National  Environment  Policy  Act  of 
1969.   Public  Law  91-190,  January  1,  1970. 

U.S.  Geological  Survey.   Water  Resources  Data--1975. 
Tallahassee,  FL:   USGS,  1976. 

U.S.  Geological  Survey.   Water  Resources  Data--197b. 
Tallahassee,  FL:   USGS,  1977. 

U.S.  Geological  Survey.   Water  Resources  Pata--1977. 
Tallahassee,  FL:   USGS,  1978. 

Visher,  F.N.,  &  Hughes,  G.H.   The  Difference  Between 
Rainfall  and  Evapot ransp i ra t i on  in  Florida.   Tallahassee, 
FL:   Florida  Bureau  of  Geology,  Map  Series  32,  1969. 


134 


Visher,  S.S.   "Tropical  Cyclones  in  the  Eastern  North 
Pacific  between  Hawaii  and  Mexico."   Monthly  Weather  Review 
50  (1922)  :  295-297. 

Weaver,  D.C.   "The  Hurricane  as  an  Economic  Catalyst." 
Journal  of  Tropical  Geography   27  (December  1968)  :  66-71. 


Wilson,  E.E.   "Possible  Use  of  Monomo 1  ecu  1  a r  Films 
in  Hurricane  Abatement."   M_a_rj_n er's  Weather  Log. 


17  (September  1973):  227-281. 


SUPPLEMENTARY  BIBLIOGRAPHY 


Aiken,  H .  V .   Stormwater  Detention  in  Lowland  Developments. 
Gainesville,  FL:   University  of  Florida  Master's  Thesis, 
197*». 

Allison,  L.J.,  &  Thompson,  H.P.   T I  ROS  VII  I  nf rared 
Radiation  Coverage  of  1963  Hurricane  Season.   Washington, 
DC:   National  Aeronautics  and  Space  Administration,  1 3 S 6 . 

Baker,  E.J.   A  Longitudinal  Study  of  Public  Attitudes 
Toward  Hazard  Zone  Land  Use  Controls.   Tallahassee,  FL: 
Florida  State  University  Sea  Grant,  1977. 

Baker,  E.J.   The  Social  Impact  of  Hurricane  Eloise  on 
Panama  City,  Florida.   Tallahassee,  FL:   Florida  State 
University  Sea  Grant,  1977. 

Baker,  E.J.,  S  McPhee,  J.G.   Land  Use  Management  and 
Regulation  In  Hazardous  Areas.   Boulder,  CO:   Institute  of 
Behavioral  Science,  University  of  Colorado,  1975. 

Bartnick,  H.   Hurricane  Perception  in  Selected  Study  Sites 
in  Southeastern  Florida .   Miami,  FL:   University  of  Miami 
Master' s  Thes  is,  1975. 

Bearden,  H.W.   Groundwater  in  the  Hallendale  Area.  Florida. 
Tallahassee,  FL:   Florida  Bureau  of  Geology,  Information 
c  i  rcu 1 ar  77,  1 972. 

Slack,  P.G.;  Senn,  H.V.;  &  Courtright,  C.L.   Mul t  i  pi e 
Seeding  Experiments  in  Hurricane  Debbie.   Coral  Gables,  FL: 
U.S.  Department  of  Commerce,  National  Hurricane  Center, 
1971. 

Bock,  P.   Estimating  Peak  Runoff  Rates  from  L'nqaged  Small 
Rural  Wa  te  rsheds .   Washington,  DC:   Highway  Research  Board, 
National  Research  Council,  1972. 

Boyd,  D.W.;  Howard,  R.A.;  Matheson,  J.E.;  &  North,  D.W. 
Decision  Analysis  of  Hurricane  Modification .   Menlo  Park, 
CA:   Stanford  Research  Institute,  1971. 

Brandes,  D.,  £  Isaacs,  J. A.   "Florida  Rainfall  Maps."   The 
Florida  Geographer   15  (April  1  3  c3 1  )  :  12-1A. 


135 


136 


Browning,  J.   "Recy c 1 e-- Reuse ,  I n fa  11 --Out  fa  I  1  Decisions 
Confront  Science."   In  Depth  Report.   Central  and  South 
Florida  Flood  Control  District   1  Cjune  1972):  1-12. 

Burton,  I.;  Kates,  R.W.;  &  Sneed,  R.   The  Human  Ecology  of 
Coastal  Flood  Hazard  in  Megalopolis.   Chicago,  I L : 
University  of  Chicago,  Department  of  Geography  Research 
Paper  115,  1969. 

C  a  r  r  ,  R .  N .  Geography  and  Resource  Use  Conflicts  in  the 
Coastal  Zone.  San  Jose,  TX :  San  Jose  State  University 
Master's  Thesis,  1975. 

Carter,  L.J.   The  Florida  Experience.   Baltimore,  MD: 
Johns  Hopkins  University  Press,  197^. 

Chang,  S.W.,  5  Orville,  H.D.   Modification  of  Hurricane 
Rainband  Clouds:  A  Numerical  Simulation.   Rapid  City,  SD: 
Institute  of  Atmospheric  Sciences,  1972. 

Ciriani,  T.A.;  Mai  one,  U . ;  &  Wall  is,  J.R.   Mathemat I ca 1 
Models  for  Surface  Water  Hydrology.   New  York,  NY:   John 
Wi  ley  &  Sons ,  1977. 

Coastal  Plains  Center.   Bibliography  on  Hurricanes  and 
Severe  Storms  of  the  Coastal  Plains  Region.   Washington, 
DC:   Coastal  Plains  Center  for  Marine  Development  Services, 
1970. 

Conover,  C.S.,  &  Leach,  S.D.   River  Basin  and  Hydrologic 
Unit  Map  of  Florida.   Tallahassee,  FL:   Florida  Bureau  of 
Geology,  Map  Series  72,  1975. 

Cooke,  C.W.   Geo  logy  of  Florida.   Tallahassee,  FL:   Florida 
Bureau  of  Geology,  Geological  Bulletin  29,  19**5. 

Craighead,  F.C.   "Land,  Mangroves,  and  Hurricanes." 
Fairchild  Tropical  Garden  Bulletin   19  (October  196't): 
1-29. 


Cruther,  H.L.,  &  Quayle,  R.G.   Mariners  Worldwide  Climate 
Guide  to  Tropical  Storms  at  Sea.   Washington,  DC:   U.S. 
Government  Printing  Office,  197^+. 

Cry,  G.W.   Tropical  Cyclones  of  the  North  Atlantic  Ocean 
1871-196  3.   Washington,  DC:   U.S.  Department  of  Commerce, 
Weather  Bureau,  Technical  Paper  55,  1965. 

Cry,  G.W.;  Haggard,  W.H.;  &  White,  H.S.   North  Atlantic 
Tropical  Cyclones:  Tracks  and  Freguencies  of  Hurricanes  and 
Tropical  Storms  1  606- 19  5  8.   Washington,  DC:   U.S. 
Department  of  Commerce,  Weather  Bureau,  Technical  Paper  36, 
1959. 


137 


Davenport,  S.S.   Human  Response  to  Hurricanes  in  Texas. 
Boulder,  CO:   Institute  of  Behavioral  Science,  University 
of  Colorado,  Natural  Hazard  Research  Working  Paper  34 , 
1978. 

"David  Threatens,  Freddie  Clouts  Gulf  Coast."   Sailor's 
Gazete   8  (October  1979):  8-9. 

Davis,  R.J.   "Trends  in  Weather  Modification  Legislation." 
Journal  of  Weather  Modification   6  (April  1974):   17-27. 

Davis,  S.N.   "Porosity  and  Permeability  of  Natural 
Materials."  in  DeWiest,  R.J.   Flow  Through  Porous  Media. 
New  York,  NY:   Academic  Press,  1969. 

Davis,  S.N.,  S  DeWiest,  R.J.M.   Hydrology.   New  York,  NY: 
John  Wiley  6  Sons,  1  96  6  . 

DeAngelis,  R.M.,  S  Hodge,  W.T.   Preliminary  Climatic  Data 
Report:  Hurricane  Agnes,  June  14-23,  1?72.   Ashville,  f  J  C  r 
U.S.  Department  of  Commerce,  National  Oceanic  and 
Atmospheric  Administration,  National  Climatic  Center,  NOAA 
Technical  Memorandum  EDS  NCC-1,  1972. 

Detwyler,  T. R.   Man's  Impact  on  the  Environment.   New  York, 
NY:   McGraw-Hill,  1971. 

DeWiest,  R.J.M.   Geohydrology .   New  York,  NY:   John  Wiley  & 
Sons,  1965. 

Diettrich,  S.D.   "Florida's  Climatic  Extremes  II: 
Hurricanes."   Gainesville,  FL:   Unpublished  paper  (typed), 
1949. 

Dineen,  J.W.   "Examination  of  Water  Management  Alternatives 
in  Conservation  Area  2A."   I n  Depth  Repo  r t .   Central  and 
South  Florida  Flood  Control  District   2  (July-August  1974): 
1-12. 


Dineen,  J.W.;  Goodrick,  R.L.;  Hallett,  D.W.;  &  Milleson, 
J.F.   "The  Kissimmee  River  Revisited."   I n  Depth  Report . 
Central  and  South  Florida  Flood  Control  District 
2  (May-June  1  9  7 4 )  :  1-12. 

Dodge,  R.J.,  &  Molander,  E.G.   Preventing  Storm  and  W i n d 
Damage  to  Farm  Buildings.   Washington,  DC:   U.S.  Department 
of  Agruculture,  Information  Bulletin  144,  1956. 

Douglas,  M.S.   Hurricane.   New  York,  NY:   Rinehart  & 
Company,  Inc.,  1953. 

Dunn,  G.E.,  &  Miller,  B.I.   Atlantic  Hurricanes.   Baton 
Rouge,  LA:   Louisiana  State  University,  i960. 


138 


"Effects  of  Flood  Plain  Regulation."   Natual  Hazards 
Observer  h    (September  1979):  9. 

Ericksen,  N.J.   Scenerio  Methodology  in  Natural  Hazards 
Research .   Boulder,  CO:  Institute  of  Behavioral  Science, 
University  of  Colorado,  1975. 

Estoque,  M.A.  Hurricane  Modification  by  Cloud  Seeding. 
Miami,  FL:  Rosenstiel  School  of  Marine  and  Atmospheric 
S  ci  ences ,  1972. 

Federal  Insurance  Administration.   Areas  Eligible  f o  r 
National  Flood  Insurance.   Washington,  DC:   U.S.  Department 
of  Housing  and  Urban  Development,  Federal  Insurance 
Administration,  197^. 

Florida.   Coastal  Zone  Management  in  Florida.   Tallahassee, 
FL:   Florida  Coastal  Coordinating  Council,  1971. 

Florida.   Florida  Hurricane  Report  Concerning  Hurricane 
Donna .   Tallahassee,  FL:   Internal  Improvement  Fund 
Trustees ,  1961 . 

Florida.   Florida  Regional  Coastal  Zone  Management  Atlas. 
Tallahassee,  FL:   Department  of  Natural  Resources,  Division 
of  Resource  Management,  1975. 

Florida.   Florida  Wa te  r  Atlas.   Tallahassee,  FL:   Bureau  of 
Water  Resource  Management,  1976. 

Florida.   Recommendations  for  Development  Activities  in 
Florida's  Coastal  Zone.   Tallahassee,  FL:   Florida  Coastal 
Coordinating  Council,  1973. 

Florida.   State  Comprehensive  P 1  an-- E 1 emen t  Compendium. 
Tallahassee,  FL:   Department  of  Administration,  Division  of 
State  Planning,  Bureau  of  Comprehensive  Planning,  1977. 

Florida  Department  of  Administration.  Florida  Estimates  of 

Popu  1  at  ion .   Gainesville,  FL:  Division  of  Population 

Studies,  Bureau  of  Economic  &  Business  Research,  University 
of  Florida,  Revised  Annually. 

Frank,  N . L .   The  Weather  Distribution  with  Upper 
Tropospheric  Cold  Lows  in  the  Tropics.   Springfield,  VA: 
U.S.  Department  of  Commerce,  National  Weather  Service,  ESSA 
Technical  Memorandum  SRTM-28,  1 96  6  . 

Frank,  N.L.   "Lessons  from  Hurricane  Elolse."   We  a  the  rw  i  se 
29  (October  1976) :  220-227. 


Frank,  M.L.;  Moore,  P.L.;  &  Fisher,  G.E.   "Summer  Shower 
Distibutton  Over  the  Florida  Peninsula  as  Deduced  from 
Digitized  Radar  Data."   Journal  of  Applied  Meteorology 
6  (Apri 1  1967) :  309-316. 


139 


Freeze,  R.A.,  &  Cherry,  J. A.   G  roun dwa  te  r .   Englewood 
Cliffs,  NJ:   Prentice-Hall,  1979. 

F  u  j  i  t  a ,  T . T .   Use  of  ATS  Pictures  in  Hurricane 

Mod  i  f i  ca t  ?  on .   Chicago,  IL:   Satellite  and  Mesomet eoro 1 ogy 

Research  Project,  1972. 

Gentry,  R.C.   "Forecasting  Local  Showers  in  Florida  During 
the  Sumner."   Monthly  Weather  Review   73  (March  1950): 


Gentry,  R.C.   Hurricane  Debbie  Modification  Experiments. 
August  1969.   Coral  Gables,  Ft:   U.S.  Department  of 
Commerce,  National  Hurricane  Center,  1970. 

Gentry,  R.C.   Modifying  the  Greatest  Storm  on  Earth--The 
Hurricane.   Coral  Gables,  FL:   U.S.  Department  of  Commerce, 
National  Hurricane  Center,  1970. 

Gentry,  R.C.   To  Tame  a  Hurricane.   Coral  Gables,  FL:   U.S. 
Department  of  Commerce,  National  Hurricane  Center,  1971. 

Gentry,  R.C.   Hurricane  Modification,  Past  Results  and 
Future  Prospects.   Coral  Gables,  FL:   U.S.  Department  of 
Commerce,  National  Hurricane  Center,   1973. 

Gerrish,  H.P.   "A  Model  of  Summer  Convection  in  South 
Florida."   Journal  of  Applied  Meteorology   10  (October 
1971)  :  9*49-957. 

Hallgren,  R.E.   National  Hurricane  Operations  Plan.   Silver 
Spring,  MD:  U.S.  Department  of  Commerce,  National  Oceanic 
and  Atmospheric  Administration,  1973. 

Hammond,  A.L.   "Weather  and  Climate  Modification:  Progress 
and  Problems."   Sci  ence   181  (August  17,  1973):  Shk-GhS. 

Harris,  D.L.   Hurricane  Audrey  Storm  Tide.   Coral  Gables, 
FL:   U.S.  Department  of  Commerce,  National  Hurricane  Center 
S  Research  Laboratory,  Research  Project,  Report  23,  1958. 

Healy,  H.G.   Poten t ? omet r i c  Surface  and  Areas  of  Artesian 
Flow  of  the  Floridan  Aquifer  in  Florida,  May  137^. 
Tallahassee,  FL:   Florida  Bureau  of  Geology,  Map  Series  73, 
1975. 

Healy,  H.G.   Water  Levels  in  Artesian  and  Non-Artesian 
Aquifers  in  Florida  1965-66.   Ta 1  1 ahassee  ,  FL  :   Florida 
Bureau  of  Geology,  Information  Circular  61,  1970. 

Hebert,  P.J.   Annual  Data  and  Verification  Tabulation  of 
Atlantic  Tropical  Cyclones  1975.   Silver  Spring,  MD:  U.S. 
Department  of  Commerce,  National  Oceanic  and  Atmospheric 
Administration,  N0AA  Technical  Memorandum  NWS  NHC-2,  1977. 


140 


Hebert,  P.J.   Annual  Data  and  Verification  Tabulation  of 
Atlantic  Tropical  Cyclones  1976.   Silver  Spring,  MD:  U.S. 
Department  of  Commerce,  National  Oceanic  and  Atmospheric 
Administration,  NOAA  Technical  Memorandum  NWS  NHC-4,  1977. 

Hebert,  P.J.   Intensification  Criteria  for  Tropical 
Depression  in  the  Western  North  Atlantic.   Springfield,  VA: 
U.S.  Department  of  Commerce,  National  Weather  Service,  NOAA 
Technical  Memorandum  NWS  NHC-3,  1977. 

Hebert,  P.J.,  &  Miller,  B.I.   Hemispheric  Circulation  and 
Anomly  Patterns  Observed  When  Tropical  Storms  Reach 
Hurricane  Intensity.   Springfield,  VA:   U.S.  Department  of 
Commerce,  National  Weather  Service,  ESSA  Technical 
Memorandum  WBTM  SR-46,  1969. 


Hebert,  P.J.,  &  Poteat,  K.O.   A  Satellite  Classification 


Technique  for  Subtropical  Cyclones.   Springfield,  VA: 
Department  of  Commerce,  National  Weather  Service,  NOAA 
Technical  Memorandum  NWS  SR-83,  1975. 


U.S 


Hebert,  P.J.,  &  Taylor,  G.   Hurricane  Experience  Levels  of 
Coastal  Popu  1  a  t  ions  —  Texas  to  Maine.   Fort  Worth,  TX  : 
National  Oceanic  and  Atmospheric  Administration,  Southern 
Region,  1975. 

Hedeman,  W.N.   "The  Role  of  the  Corps  of  Engineers  in 
Protecting  the  Coastal  Zone."   Environmental  Comment 
(Apri 1  1975) :  2-4. 

Helm,  T.   Hurricanes:  Weather  at  Its  Worst.   New  York,  NY: 
Dodd,  Mead  and  Company,  1967. 

Henry,  J. A.,  £  Isaacs,  J. A.   "Satellite  Cloud  Data  as  Input 
to  Cloud  Seeding  Operations."   The  Journal  of  Weather 
Modification   12  (April  1980):  56-66. 

Henry,  W.K.;  Driscoll,  D.M.;  &  McCormack,  J. P.   Hurricanes 
on  the  Texas  Coast:  Description  and  Climatology . 
Rockville,  MD:  U.S.  Department  of  Commerce,  National 
Oceanic  and  Atmospheric  Administration,  1975. 


Henry,  W.K.;  Driscoll,  D.M.;  &  McCormack,  J. P.   Hur r  i canes 
on  the  Texas  Coast:  The  Destruction.   Rockville,  MD:  U.S. 
Department  of  Commerce,  National  Oceanic  and  Atmospheric 
Administration,  1975. 


Henry,  W.K.;  Driscoll,  D.M.;  &  McCormack,  J. P.   Hu  r r  i  canes 
on  the  Texas  Coast:  Survival  and  Recovery.   Rockville,  MD: 
U.S.  Department  of  Commerce,  National  Oceanic  and 
Atmospheric  Administration,  1975. 


\k] 


Hershfield,  D.M.   Rainfall  Frequency  Atlas  of  the  United 
States.   Washington,  DC:   U.S.  Department  of  Commerce, 
Weather  Bureau,  1 9 6 1 . 

Hindman,  E.E.   C 1 oud- Pa r t i c 1 e  Samples  and  Water  Contents 
from  a  1969  Stormfury  Cloudline  Cumulus.   Norfolk,  VA: 
Navy  Research  Facility,  1970. 

Ho,  F.P.;  Schwerdt,  R.W.;  &  Goodyear,  H.V.   Some 
C 1 i ma  to  1 og 1 ca 1  Characteristics  of  Hurricanes  and  Tropical 
Storms--Gulf  and  East  Coast  of  U.S.   Silver  Spring,  MD : 
U.S.  Department  of  Commerce,  National  Oceanic  and 
Atmospheric  Administration,  1975. 

Holliday,  C.   On  the  Maximum  Sustained  Winds  Occurring  in 
Atlantic  Hurricanes.   Springfield,  VA:   U.S.  Department  of 
Commerce,  National  Weather  Service,  ESSA  Technical 
Memorandum  WBTM  SR-45,  1969. 

Hope,  J.R.   Annual  Data  and  Verification  Tabulation  of 
Atlantic  Tropical  Cyclones  197^.   Silver  Spring,  MD:  U.S. 
Department  of  Commerce,  National  Oceanic  and  Atmospheric 
Administration,  NOAA  Technical  Memorandum  NWS  NHC-1,  1976. 

Hope,  J.R.,  &  Neumann,  C.J.   Climatology  of  Atlantic 
Tropical  Cyclones  by  Two  and  One-Half  Degree 
La t i t ude- Long i tude  Boxes.   Springfield,  VA:   U.S. 
Department  of  Commerce,  National  Weather  Service,  ESSA 
Technical  Memorandum  WBTM  SR-A4,  1969. 

Hope,  J.R.,  &  Neumann,  C.J.   Digitized  Atlantic  Tropical 
Cy cl one  Tracks .   Springfield,  VA:   U.S.  Department  of 
Commerce,  National  Weather  Service,  NOAA  Technical 
Memorandum  NWS  SR-55,  1971. 


Howard,  R.A.;  Matheson,  J.E.; 
to  Seed  Hurricanes."  Science 
1191-1202. 


&  North,  D.W.   "The  Decision 
176  (June  16,  1972)  : 


Hoy,  N.D.   Generalized  Water-Table  Contours  in  Southern 
Florida.   Tallahassee,  FL:   Florida  Bureau  of  Geology,  Map 
Series  7 ,  196*t. 

Hubert,  L.F.   Numerical  Weather  Prediction  of  Hurricane 
Mot  ion .   Washington,  DC:   U.S.  Department  of  Commerce, 
Weather  Bureau,  1956. 

Hughes,  G.H.   Runoff  from  Hydrologic  Units  in  Florida. 
Tallahassee,  FL:   Florida  Bureau  of  Geology,  Map  Series  81, 
1977. 

Hughes,  G.H.  Water-Level  Fluctuations  of  Lakes  in  Florida. 
Tallahassee,  FL:  Florida  Bureau  of  Geology,  Map  Series  62, 
197^. 


142 


Hughes,  G.H.;  Hampton,  E.R.;  &  Tucker,  D.F.   Annua  1  and 
Seasonal  Rainfall  in  Florida.   Tallahassee,  FL:   Florida 
Bureau  of  Geology,  Map  Series  kO ,  1971. 

Hurd,  V/.E.   "North  Atlantic  Hurricane  of  October  13-23, 
1926."   on  reverse  side  of  Pilot  Chart  of  North  Atlantic 
Ocean,  October  1930;  Chart  1 4  00 .   Wash  i  ngton ,  bT7 
Hydrographic  Office,  1530. 

"Hurricane  Disaster-Potential  Scale."   Weatherwl se 
27  (August  197^)  :  169. 

"Hurricane  Prediction  and  Control:  Impacts  of  Large 
Computers."   Science   1 8 1  (August  17,  1973):  6kl-&kk. 

"Hurricanes:  Safety  in  a  High-Rise?"   Natural  Hazards 
Observer   1  (March  1977):  3. 

Hyde,  L.W.   Principal  Aquifers  in  Florida.   Tallahassee, 
FL:   Florida  Bureau  of  Geology,  Map  Series  Id,  1975. 

Jarvinen,  B.J.,  £  Caso,  E.L.   A  Tropical  Cyclone  Data  Tape 
for  the  North  Atlantic  Basin.  1386-1977 .   Springfield,  VA: 
U.S.  Department  of  Commerce,  National  Weather  Service,  NOAA 
Technical  Memorandum  NWS  NHC-6,  1978. 

Jarvinen,  B.J.,  &  Neumann,  C.J.   Atlantic  Tropical  Cyclone 
Tracks  by  5~  ,  10-,  15~,  and  30-Day  Periods.   Springfield, 
VA:   U.S.  Department  of  Commerce,  National  Weather  Service, 
NOAA  Technical  Memorandum  NWS  NHC-5,  1973. 

Jel esn iansk I  ,  C.P.   SPLASH  (Special  Program  to  List 
Amplitudes  of  Surges  from  Hurricanes)!  Part 2, Gene ra 1 
Track  and  Variant  Storm  Conditions.   Silver  Spring,  MD: 
U.S.  Department  of  Commerce,  National  Oceanic  and 
Atmospheric  Administration,  NOAA  Technical  Memorandum 
NWS  TDL-52,  197^. 


Jenks,  B.   Coastal  Zone  Bibliography. 
University  of  California,  1976. 


La  Jol 1  a  ,  CA: 


Jones,  R.W.   The  Potential  of  Hurricane  Modification  for 
Causing  a  Systematic  Predictable  Change  in  a  Huricane  Track 
as  a  Result  of  the  Rossby  Acceleration.   Silver  Spring,  MD: 
U.S.  Department  of  Commerce,  National  Oceanic  and 
Atmospheric  Administration,  1 9  7  7  • 

Kenner,  W.E.   Runoff  in  Florida.   Tallahassee,  FL:   Florida 
Bureau  of  Geology,  Map  Series  22,  1966. 


Kenner,  W.E.   Seasonal  Variation  of  Streamflow  in  Florida. 
Tallahassee,  FL:   Florida  Bureau  of  Geology,  Map  Series  31, 
1969. 


1*3 


Kenner,  W.E.;  Hampton,  E.R.;  &  Conover,  C.S.   Average  Flow 
of  Major  Streams  in  Florida.   Tallahassee,  FL:   Florida 
Bureau  of  Geology,  Map  Series  3^,  1975. 

Khanal,  N.N.   Hydrologic  Aspects  of  On-Site  Retention 
Systems  for  Storm  Runoff.   West  Palm  Beach,  FL :   Resource 
Planning  Department,  Central  and  South  Florida  Flood 
Control  District,  1975. 


Klein,  H .   The  Shallow  Aquifer  of  Southwest  Florida. 
Tal  lahasse  e~  FL  :   Florida  Bu  reau  of  Geo  1  ogy  ,  Map  SeY  i  e  s 

1972. 


53, 


Knight,  R.W.,  &  Brier,  G.W.   A  Statistical  Technique  for 
Evaluating  Hurricane  Modification  Experiments.   Silver 
Spring,  MD:  U.S.  Department  of  Commerce,  National  Oceanic 
and  Atmospheric  Administration,   1576. 


Land,  L.F.;  Radis,  H.G.;  &  Schneider,  J.J.   App  ra  i  sa 1  of 
the  Water  Resources  of  Eastern  Palm  Beach  County.  Florida 


Tallahassee,  FL:   Florida 
Investigation  67,  1973. 


bureau  of  Geology,  Report  of 


Lane,  F.W.   The  Elements  Rage. 
Books,  1965. 


Philadelphia,  PA:   Chilton 


Leach,  S.D.;  Klein,  H.;  &  Hampton,  E.R.   Hyd  ro 1 oq  ?  c  E  f f ects 
of  Water  Control  and  Management  of  Southeastern  Florida. 
Tallahassee,  FL:   Florida  Bureau  of  Geology,  Report  of 
Investigation  60,  1973. 

Lindsey,  J.L.;  Paterson,  K.W.;  &  Bertand,  A.L.   C  i  t  ?  zen 
Perception  of  Coastal  Area  Planning  and  Development.   Baton 
Rouge,  LA:   Louisiana  State  University,  1976. 

Ludlum,  D.M.   Early  American  Hurricanes  1^92-1870.   Boston, 
MA:   American  Meteorological  Society,  1963. 

Luxford,  R.F.,  &  Smith,  W.R.   Observations  of  Damage  to 
Houses  by  High  Winds,  Waves,  and  Floods  and  Some 
Construction  Precautions.   Washington,  DC:   Forest  Service, 
1957. 

Mallinger,  W.D.,  6  Mickelson,  T.P.   Poss  i  b 1 e  Use  of 
Monomol ecul ar  Films  in  Hurricane  Abatement.   Coral  Gables, 
FL:   U.S.  Department  of  Commerce,  National  Hurricane 
Center,  1973. 


Mantis,  H.T.   A  Model  of  a  Tropical  Cyclone  in  the  Steady 
State.   New  York,  NY:   New  York  University  Doctoral 
Di  ssertat  i  on ,  1 950 . 


1H 


Marcus,  R.B.,  5  Fernald,  E.A.   Florida:  A  Geographical 

App  roach .   Dubuque,  Iowa:  Kendall/Hunt  Publishing  Company, 

19  75. 

Mather,  J.R.   The  Climatic  Water  3udget  in  Environmental 
Ana  1  y s  ?  s .   Lex  i  ngton ,  MA :   Lex  i  ngton  Books  ,  1978. 

McAllister,  O.M.   Environment:  A  New  Focus  for  Land  Use 
Planning.   Washington,  DC:   National  Science  Foundation, 
1973. 

McCoy,  H.J.   Groundwater  Resources  of  the  Lower  Hillsboro 
Canal  Area,  Southeastern  Florida.   Tallahassee,  FL: 
Florida  Bureau  of  Geology,  Report  of  I n ves t i aa t i on  55, 
1970. 

McCoy,  H.J.   Hydrology  of  Western  Collier  County. 
Tallahassee,  FL:   Florida  Bureau  of  Geology,  Report  of 
Investigation  63,  1972. 

McDonald,  W.F.   "Hurricane  of  August  3 1 -Sep t embe r  6,  1935." 
Monthly  Weather  Review   63  (December  1935):  269-271. 

Meier,  F.   Hu  r r  i  cane  Wa  rn  i  ng.   New  York,  NY:   E.P.  Dutton, 
19^7. 

Miller,  H.C.   "Coastal  Flood  Plain  Management  and  the 
National  Flood  Insurance  Program."   Environmental  Comment 
(November  1973) :  2-14. 


Mississippi.   The  Mississippi  Gulf  Coast  Development  Plan 
After  Cam  i 1 1 e .   Jackson,  MS:   The  Governors  Emergency 
Counci 1 ,  1970. 

Munden,  F.H.   Rehabilitation  of  Pamlico  Sound  Oyster 
Producing  Grounds  Damaged  or  Destroyed  by  Hurricane  Ginger. 
Washington,  DC:  National  Marine  Fisheries  Service,  1975. 

National  Hurricane  and  Experimental  Meteorology  Laboratory. 
National  Hurricane  and  Experimental  Meteorology  Laboratory 
Collected  Rep r ? n t s-- 1 977 .   Silver  Spring,  MD:  U.S. 
Department  of  Commerce,  National  Oceanic  and  Atmospheric 
Administration,  1978. 

Neumann,  C.J.   An  Alternate  to  the  HURRAN  (Hurricane 
Analog)  Tropical  Cyclone  Forecast  System.   Springfield,  VA: 
U.S.  Department  of  Commerce,  National  Weather  Service,  NOAA 
Technical  Memorandum  NWS  SR-62,  1972. 


T»5 


Neumann,  C.J.   The  Effect  of  Initial  Data  Uncertainties  on 
the  Performance  of  Statistical  Tropical  Cyclone  Prediction 
Mode  1 s .   Springfield,  VA:   U.S.  Department  of  Commerce, 
National  Weather  Service,  NOAA  Technical  Memorandum  NWS 
SR-81,  1975. 

Neumann,  C.J.   A  Statistical  Study  of  Tropical  Cyclone 
Positioning  Errors  with  Economic  Applications. 
Springfield,  VA:   U.S.  Department  of  Commerce,  National 
Weather  Service,  NOAA  Technical  Memorandum  NWS  SR-82,  1975. 

Neumann,  C.J.;  Hope,  J.R.;  &  Miller,  B.I.   A  Statistical 
Method  of  Combining  Synoptic  and  Empirical  Tropical  Cyclone 
Prediction  Systems.   Springfield,  VA:   U.S.  Department  of 
Commerce,  National  Weather  Service,  NOAA  Technical 
Memorandum  NWS  SR-63,  1972. 

Neumann,  C.J.,  &  Lawrence,  M.B.   Statistical-Dynamical 
Prediction  of  Tropical  Cyclone  Motion.   Springfield,  VA: 
U.S.  Department  of  Commerce,  National  Weather  Service,  NOAA 
Technical  Memorandum  NWS  SR-69,1973. 

Nichols,  D.R.,  &  Campbell,  C.C.   Environmental  Planning 
and  Geo  1 ogy .   Washington,  DC:   U.S.  Government  Printing 
Office,  U.S.  Geological  Survey,  Department  of  Interior  and 
Department  of  Housing  and  Urban  Development,  1970. 

NOAA.   Hurricane.  Greatest  Storm  on  Earth.   Rockville, 
MD:  U.S.  Department  of  Commerce,  National  Oceanic  and 
Atmospheric  Administration,  1971. 

NOAA.   Disaster  Survey  Team  Final  Report  on  Events  of 
Agnes .   Rockville,  MD:  U.S.  Department  of  Commerce, 
National  Oceanic  and  Atmospheric  Administration,  1973. 

NOAA.   Hurricane  Eloise:  The  Gulf  Coast.   Rockville,  MD: 
U.S.  Department  of  Commerce,  National  Oceanic  and 
Atmospheric  Administration,  1975. 

NOAA.   National  Hurricane  and  Experimental  Meteorology 
Laboratory  Repo r t-- Fi s ca 1  Year  1978.   Coral  Gables,  FL: 
U.S.  Department  of  Commerce,  National  Hurricane  Center, 
1979. 

NOAA.   National  Hurricane  Operations  Plan.   Washington,  DC: 
U.S.  Department  of  Commerce,  National  Oceanic  and 
Atmospheric  Administration,  FMC  79-2,  1979. 

N  T I  S  .   Hurricanes:  Forecasting,  Modification,  and  Research . 
(A  B  i  b 1 i  og  raphy  with  Abstracts)   Springfield,  VA  :   U.S. 
Department  of  Commerce,  National  Technical  Information 
Service,  1979. 


]k6 


Orville,  D.H.;  Chang,  W.J.;  s  Kopp,  F.J.   A  Numerical 
Experiment  on  the  Simulation  and  Modification  of  Hurricane 
Ra  i  nband  Clouds.   Rapid  City,  SD:   Institute  of  Atmospheric 
Sciences,  1972. 

Overton,  D.B.,  &  Meadows,  M.E.   Stormwater  Modelling. 
New  York,  NY:   Academic  Press,  1976. 

Palm  Beach  County.   Flood  Plain  Study  and  Model  Flood 
Ordinance.   West  Palm  Beach,  FL:   Palm  Beach  County  Area 
Plan  Board,  1972. 

Parker,  G.G.,  &  Cooke,  C.W.   Late  Cenozoic  Geology  of 
Southern  Florida,  with  a  Discussion  of  the  Ground  Waters. 
Tallahassee,  FL :   Florida  Geological  Survey,  Geological 
Bui  letin  27,  1  9H. 

Pascale,  C.A.   Estimated  Yield  of  Freshwater  Wells  in 
Florida.   Tallahassee,  FL:   Florida  Bureau  of  Geology, 
Map  Series  70,  1975. 

Paulsen,  C.G.   Hurricane  Floods  of  September  1938. 
Washington,  DC:   U.S.  Geological  Survey,  19^0. 

Pierson,  W.H.   "The  Coastal  Climates  of  Lower  Peninsular 
Florida."   Quarterly  Journal  of  the  Florida  Academy  of 
Sciences   19  (March  1956):  45-51. 


Pinder,  G.E.,  &  Gray,  W.G.   Finite  Element  Simulation  in 
Surface  and  Subsurface  Hydrology.   New  York,  NY:   Academic 
Press,  1977. 

Pore,  A.N.   Summary  of  Selected  Reference  Material  on 
Oceanog raph 1 c  Phenomena  of  Tides,  Storm  Surges,  Waves,  and 
Breakers.   Washington,  DC:   Environmental  Science  Service 
Administration,  1970. 

Pruitt,  E.L.   The  Coastal  Zone.   Washington,  DC: 
Association  of  American  Geographers,  Committee  on  Marine 
Geography,  1977. 

Rearden,  H.   Groundwater  Resources  of  the  Hollywood  Area. 
Flo  r i  da .   Tallahassee,  FL:   Florida  Bureau  of  Geology, 
Report  of  Investigation  77,  197'+. 

Reese,  J.H.   Florida's  Great  Hurricane.   Miami,  FL: 
Lyle  F.  Fes ler,  1926. 

Saarinen,  T.F.   Environmental  Planning:  Perception  and 
Behavior.   Boston,  MA:   Houghton  Mifflin  Company,  1976. 

Sass,  L.C.   "Rainfall  Distribution  in  the  Miami  Area." 
Quarterly  Journal  of  the  Florida  Academy  of  Sciences 
30  (June,  1967):  81-96. 


1*7 


Schnidman,  F.,  5  Kendall,  S.   "Coastal  Zone  Management:  An 
Overview."   Environmental  Comment   (April  1975):  1. 

SFWMO.   The  Everglades  Conservation  Areas,  Hap.   West  Palm 
Beach,  FL:   South  Florida  Water  Management  District,  1977. 

Sherwood,  C.B.;  McCoy,  H.J.;  &  Galliher,  C.F.   Wa te  r 
Resources  of  Broward  County.  Florida.   Tallahassee,  FL: 
Florida  Bureau  of  Geology,  1973. 

Simiu,  E.;  Changery,  M.J.;  &  Filllben,  J.J.   Extreme  Wind 
Speeds  at  129  Stations  in  the  Contiguous  United  States. 
Washington,  DC:   U.S.  Department  of  Commerce,  National 
Bureau  of  Standards,  UBS  Building  Science  Series  118,  1979. 

Simpson,  R.H.   Disturbances  in  the  Tropical  and  Equatorial 
Atlantic.   Springfield,  VA:   U.S.  Department  of  Commerce, 
National  Weather  Service,  ESSA  Technical  Memorandum  WBTM 
SR-47,  1969. 

Simpson,  R.H.   A  Reassessment  of  the  Hurricane  Prediction 
Prob 1  em.   Springfield,  VA:   U.S.  Department  of  Commerce, 
National  Weather  Service,  ESSA  Technical  Memorandum  WBTM 
SR-50,  1970. 

Simpson,  R.H.,  &  Gaby,  D.C.   The  Satellite  Applications 
Section  of  the  National  Hurricane  Center.   Coral  Gables, 
FL :   U.S.  Department  of  Commerce,  National  Hurricane  Center 
&  Research  Laboratory,  ESSA  Technical  Memorandum  WBTM 
SR-51,  1970. 

Simpson,  R.H.,  &  Jarvinen,  B.R.   A  Decision  Procedure  for 
Application  in  Predicting  the  Landfall  of  Hurricanes.   Fort 
Worth,  TX :   U.S.  Department  of  Commerce,  National  Oceanic 
and  Atmospheric  Administration,  Southern  Region,  NOAA 
Technical  Memorandum  NWS  SR-71,  1973. 


Simpson,  R.H.,  5  Lawrence,  R.L. 


A 1 1  a n  tic  Hu  r r  i  cane 

Fort  Worth,  TX 


Frequencies  Along  the  U.S.  Coastline. 
U.S.  Department  of  Commerce,  National  Oceanic  and 
Atmospheric  Administration,  Southern  Region,  NOAA  Technical 
Memorandum  NWS  SR-5'3,  1971. 


of 


Smith,  D.B.   A  Study  of  the  Hydroloqical  Characteristics 
the  Ca loosaha tehee  River  Basin.   West  Palm  Beach,  FL: 
Central  and  Southern  Florida  Flood  Control  District,  1955. 

Sonka,  S.T.   Economics  of  Weather  Modification.   Urbana, 
IL:   Illinois  Institute  of  Natural  Resources,  Report  of 
I n ves  t  i  ga t  i  on  89 . 

Starnes,  E.M.   The  Critical  Areas  Program.   Gainesville, 
FL:   University  of  Florida,  College  of  Architecture,  Urban 
and  Regional  Planning  Program,  Planning  Series  k ,  1976. 


148 


Stone,  R.B.   Low  Streamflow  in  F1 o r i da-- Maqn i t ude  and 
F  req  uen  cy .   Tallahassee,  FL:   Florida  Bureau  of  Geology, 
Map  Series  6*t ,  1 9 7 ^ - 

Storch,  W.V.   "Managing  South  Florida's  Groundwater 
Aquifer."   In  Depth  Report.   Central  and  South  Florida 
Flood  Control  District   1  (March  1972):  1-12. 

Sugg,  A.L.   A  Mean  Storm  Surge  Profile.   Fort  Worth,  TX : 
U.S.  Department  of  Commerce,  National  Oceanic  and 
Atmospheric  Administration,  Southern  Region,  ESSA  Technical 
Memorandum  WBTM  SR-^9,  1969. 

Sutcliff,  H.   Appraisal  of  Water  Resources  of  Charlotte 
County,  Florida.   Tallahassee,  FL:   Florida  Bureau  of 
Geology,  Report  of  Investigation  73,  1975. 

Sverdrop,  H.U.;  Johnson,  M.W.;  &  Fleming,  R.H.  The  Oceans . 
Englewood  Cliffs,  NJ:   Prentice-Hall,  1962. 

Tannehill,  I . R.   The  Hurricane  Hunters.   New  York,  NY: 
Dodd,  Meade  &  Company ,  1  966 . 

Tecson,  J.J.;  Chany,  Y.;  5  Fujita,  T.T.  Cloud  Mot  ?  on  Field 
of  Hurricane  Ginger  During  the  Seeding  Period  as  Determined 
by  the  Metracom  System.  Coral  Gables,  FL:  U.S.  Department 
of  Commerce,  National  Hurricane  Center,  19  73- 

Tennessee  Valley  Authority.   Flood  Damage  Prevention 

Bibl  iogrphy.   Knoxville,  TN :   Tennessee  Valley  Authority, 

1969. 

Thornthwaite,  C.W.,  &  Mather,  J.R.   Instructions  and  Tables 
for  Computing  Potential  Evapo t ran s p t ra t i on  and  the  Water 
Ba 1 ance .   Centerton,  NJ :   Drexel  Institute  of  Technology, 
Laboratory  of  Climatology,  Publications  in  Climatoloay, 
Vol .  10,  No.  3,  1959. 

Todd,  D.K.   The  Water  Encyclopedia.   Port  Washington,  NY: 
Water  Information  Center,  1970. 

Treadwell,  M.E.   Hurricane  Carla,  September  3"  1  jj .  1961. 
Washington,  DC:   Civil  Defense  Office,  1 9 6 1  . 

Tribus,  M.   "Hurricane  Seeding."   Science   1  SO  (April  27, 
1973) :  425-^26. 

U.S.  Army  Corps  of  Engineers.   Dade  County,  Florida,  Beach 
Erosion  Control  and  Hurricane  Protection  Plan. 
Jacksonville,  FL:   U.S.  Army  Engineer  District,  1965. 


U.S.  Army  Corps  of  Engineers.   Guidelines  for  Identifying 
Coastal  High  Hazard  Zones.   Galveston,  TX :   U.S.  Army 
Engineer  District,  1975. 


149 


U.S.  Army  Corps  of  Engineers.   Post  Disaster  Report. 
Hurricane  Eloise  16-23  September  1975.   Mobile,  AL :   U.S. 
Army  Engineer  District,  1976. 

U.S.  Congress.  Energy  Facility  Siting  in  Coastal  Areas. 
94th  Congress,  Senate  Committee  on  Commerce,  1975. 

U.S.  Congress.   Federal  Tort  Claims  Act.   28-S2674. 
88th  Congress  (1964)  . 

U.S.  Congress.   Hurricane  Be t sy-- I  n ves t i gat i on  of 
Destruction  of  September  1965.   89th  Congress  ,  Public  Works 
Comm  i  t  tee  ,  1965. 

U.S.  Congress.   Weather  Modification  Act  of  1976.   94th 
Congress,  Public  Law  94-490,  1976. 

U.S.  Congress.   Weather  Modification:  Programs,  Problems. 
Pol  i  cy .  and  Potent  ?  a  1 .   95th  Congress,  2nd  Session,  1978. 

U.S.  Geological  Survey.   Daily  Gauge  Height  &  Discharge 
Da  ta .   Published  monthly. 

U.S.  Geological  Survey.   Ground  V/ater  Levels  in  the  United 
States.   Washington,  DC:   U.S.  Geological  Survey,  Water 
Suppl y  Paper  2  171,  1 975. 

Van  Arman,  J.   "A  Water  Use  Plan  for  the  Lower  West  Coast 
of  Fl or ida--Prog ress  Review."   In  Depth  Report .   South 
Florida  Water  Management  District   4  (April  1979):  1-12. 

Visher,  S.S.  "Torrential  Rains  as  a  Serious  Handicap  in 
the  South."  The  Geographical  Review  31  (October  1  ct  4  1  )  : 
644-652. 

Visher,  S.S.  Climatic  Atlas  of  the  U.S.  Cambridge,  MA: 
Harvard  University  Press,  1954. 


Wadsworth,  F.H.,  &  Englerth,  G.H.   "Effects  of  the  1956 
Hurricane  on  the  Forests  of  Puerto  Rico."   Ca  r ?  bbean 
Forester   ( Jan ua ry- J une  1959):  38-51. 

Walton,  T . L .  Hu r r ? can e- Res i s t an t  Construction  for  Homer 
Gainesville,  FL:  Florida  Cooperative  Extension  Servi  " 
Marine  Advisory  Program,  1976. 


5 


Water  Resources  Council.   The  Nation's  Water  Resources 
1975-2000.   Washington,  DC:  U.S.  Water  Resources  Council, 
1978. 


Weather  Bureau.   Analysis  of  Winds  over  Lake  Okeechobee 
During  Tropical  Storm  of  August  26-27.  1949.   Washington, 
DC:   U.S.  Department  of  Commerce,  Weather  Bureau,  1951. 


150 


Weather  Bureau.   Hurricane  Donna,  September  2-13,  I960. 
Washington,  DC:   U.S.  Department  of  Commerce,  Weather 
Bureau,  I960. 

Wiggins,  J.H.;  Hart,  G.C.;  Hasselman,  T.K.;  &  White,  R.W. 
Methodoloqy  for  Hazard  Risk  Evaluation  of  Buildinas,  Vol. 
I:  Technical  Report.   Redondo  Beach,  CA:   J.H.  Wiggins 
Company  for  National  Bureau  of  Standards,  19  7  3- 

Wiggins,  J.H.;  Hasselman,  T.K.;  White,  R.W.;  &  Brandow,  G. 
Methodology  for  Hazard  Risk  Evaluation  of  Buildings,  Vol. 
II:  Computer  Program  Users  Manual.   Redondo  Beach,  CA: 
J.H.  Wiggins  Company  for  National  Bureau  of  Standards, 
1973. 

Will,  L.E.   Okeechobee  Hurricane.   Belle  Glade,  FL:   The 
Glades  Historical  Society,  1978. 

Winn,  S.  "A  Progress  Report  on  the  South  Florida  Water  Use 
and  Development  Plan."  In  Depth  Report.  Central  and  South 
Florida  Flood  Control  District   3  (August  1976). 

World  Meteorological  Organization.   The  Quan  t  i  t a  t  ?  ve 
Evaluation  of  the  Risk  of  Disaster  from  Tropical  Cyclones. 


Geneva,  Switzerland 
1976. 


World  Meteorological  Organization, 


BIOGRAPHICAL  SKETCH 

Donald  Brandes  received  his  B.A.  in  geography  at  the 
University  of  Florida  in  1968,  secondary  school  teacher 
certification  at  the  University  of  Alberta  in  1970,  and  M.A. 
in  geography  with  a  specialization  In  cartography  at  the 
University  of  Calgary  in  1975.   Between  1970  and  1975,  he 
taught  in  high  schools  in  North  Bay,  Ontario,  and  Vernon, 
British  Columbia,  and  from  1975  to  1977  he  was  Graphics 
Coordinator  for  the  Planning  Division  of  the  Department  of 
Community  Development,  City  of  Gainesville,  Florida.   From 
1978  to  1981  he  taught  courses  in  the  Department  of  Physical 
Sciences  and  the  Department  of  Geography  at  the  University 
of  Florida  as  a  half-time  graduate  teaching  assistant. 

Between  1975  and  1981  he  has  published  seven  articles 
in  professional  journals,  presented  papers  at  professional 
meetings,  and  produced  numerous  illustrations  for 
publication,  including  a  cover  design  for  the  AAG  Specialty 
Group  on  Marine  Geography.   Mr.  Brandes  is  a  member  of  the 
Association  of  American  Geographers,  the  American  Congress 
on  Surveying  and  Mapping,  the  Canadian  Cartographic  Society, 
The  Florida  Society  of  Geographers,  Gamma  Theta  Upsilon 
(national  professional  geographic  fraternity),  the  Guild  of 
Natural  Science  Illustrators,  and  the  Southeastern  Division 
of  the  Association  of  American  Geographers. 


151 


I  have  read  this  study  and  that  in  my 

.  .- _  to  acceptable  standards  of  scholarly 

presentation  and  is  fully  adequate,  in  scope  and  quality, 
as  a  dissertation  for  the  degree  of  Doctor  of  Philosophy. 


I  cert  i  f y  that 
opinion  it  conforms 


Ofl'KHf 


1-/U^e 


David  L.  Niddrie,  Chairman 
Professor  of  Geography 


I  certify  that  I  have  read  this  study  and  that  in  my 
opinion  it  conforms  to  acceptable  standards  of  scholarly 
presentation  and  ts  fully  adequate,  in  scope  and  quality, 
as  a  dissertation  for  the  degree  of  Doctor  of  Philosophy. 


K~y^ZcZ=: 


<=&- 


Robert  B.  Marcus 
Professor  of  Geography 


I  certify  that  I  have  read  this  study  and  that  in  my 
opinion  it  conforms  to  acceptable  standards  of  scholarly 
presentation  and  is  fully  adequate,  in  scope  and  quality, 
as  a  dissertation  for  the  degree  of  Doctor  of  Philosophy. 


/" 


"-» - 


\  James  A.  Hen  ry 
\Assistant  Professor 
of  Geography 


I  certify  that  I  have  read  this  study  and  that  in  my 
opinion  it  conforms  to  acceptable  standards  of  scholarly 
presentation  and  is  fully  adequate,  in  scope  and  quality, 
as  a  dissertation  for  the  degree  of  Doctor  of  Philosophy. 


I 


Earl  M. Starnes 
Professor  of  Urban 

and  Regional  Planning 


I  certify  that  I  have  read  this  study  and  that  in  my 
opinion  it  conforms  to  acceptable  standards  of  scholarly 
presentation  and  is  fully  adequate,  in  scope  and  quality, 
as  a  dissertation  for  the  degree  of  Doctor  of  Philosophy. 


Wi  1  1  i  am  L~!  We  i  sman  tel 
Professor  of  Urban 

and  Regional  Planning 


I  certify  that  I  have  read  this  study  and  that  in  my 
opinion  it  conforms  to  acceptable  standards  of  scholarly 
presentation  and  is  fully  adequate,  in  scope  and  quality, 
as  a  dissertation  for  the  degree  of  Doctor  of  Philosophy. 


/ 


/ 


/ 


Dan  i  e  1  P  .  Spang  1-er 
Associate  Professor 
of  Geo  1 ogy 


This  dissertation  was  submitted  to  the  Graduate 
Faculty  of  the  Department  of  Geography  in  the  College  of 
Liberal  Arts  and  Sciences  and  to  the  Graduate  Council,  and 
was  accepted  as  partial  fulfillment  of  the  requirements  for 
the  degree  of  Doctor  of  Philosophy. 

June  1981 


Dean  for  Graduate  Studies  and  Research 


UNIVERSITY  OF  FLORIDA 


3  1262  08553  5911 


